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ABSTRACT 

I n v e s t i g a t i o n  of problems re la ted  t o  t h e  l a n d i n g  and 
c o n t r o l l i n g  of  a mobile  p l a n e t a r y  v e h i c l e  a c c o r d i n g  t o  a 
s y s t e m a t i c  p l a n  of e x p l o r a t i o n  o f  Mars has  been under taken .  
Problem areas r e c e i v i n g  c o n s i d e r a t i o n  i n c l u d e  : u p d a t i n g  of 
atmosphere parameters  d u r i n g  e n t r y ,  a d a p t i v e  t r a j e c t o r y  con- 
t r o l ,  unpowered aerodynamic l a n d i n g ,  t e r r a i n  modeling and 
o b s t a c l e  s e n s i n g ,  v e h i c l e  design,dynamics and a t t i t u d e  con- 
trol, and chromatographic  s y s t e m s  d e s i g n  concep t s .  The 
s p e c i f i c  tasks which have been under taken  are d e f i n e d  and 
t h e  p r o g r e s s  which has  been made d u r i n g  t h e  i n t e r v a l  J u l y  1, 
1969 t o  December 31, 1969 i s  summarized. P r o j e c t i o n s  f o r  
work t o  be under taken  d u r i n g  t h e  nex t  s i x  months pe r iod  are 
inc luded  . 



I 
I 
1 

I 
I 
1 

~1 
1 
1 
I 

I 
I 
8 
I 

~I 

TABLE OF CONTENTS 

I. INTRODUCTION 

11. DEFINITION OF TASKS 

111. SUMMARY OF RESULTS 

A. Adaptive T r a j e c t o r y  Con t ro l  

A.l. T r a j e c t o r y  Con t ro l  of  Mars En t ry  by 
F l i g h t  Angle 

B. Unpowered Aerodynamic Landing 

C. T e r r a i n  Modeling, P a t h  S e l e c t i o n  and 
Naviga t ion  

C . 1 . a .  T e r r a i n  Modeling 

C.1.b. Eva lua t ion  o f  Automatic P a t h  
S e l e c t i o n  Algori thms 

c .2 .  Naviga t ion  Systems 

C.2.a. Pr imary Nav iga t iona l  System f o r  a 
M a r t i a n  Roving Veh ic l e  

C.2.b. Reference  Coordina te  System f o r  
S u r f a c e  Naviga t ion  

C.2.c. I n s t r u m e n t a t i o n  f o r  Naviga t ion  
System 

c.3. Se l f - con ta ined  Naviga t ion  Systems 

D. Vehic le  C o n f i g u r a t i o n ,  C o n t r o l ,  Dynamics, 
Systems and P ropu l s ion  

D . l .  V e h i c l e  Conf igu ra t ion  

D.2. Wheel and Suspension System Design 

D. 3. A u x i l l i a r y  P r o p u l s i o n  System 

D.4. Vehic l e  S y s t e m s  

Page 

1 

1 

3 

3 

3 

3 

6 

7 

12 

14 

14 

19 

22 

24 

29 

29 

32 

37 

40 



Page 

D.4.a. Power Systems for Martian Roving 
Vehicle 41 

E. Chromatographic Systems Analysis 42 

E.2. Transport Parameter Estimation 45 

E.3. Chromatographic Test Facility 47 

IV. PROJECTIONS OF ACTIVITY FOR THE PERIOD JANUARY 1, 
1970 TO JUNE 3 0 ,  1970 48 

REFERENCES 51 



I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
t 
I 

A n a l y s i s  and Design o f  a Capsule  Landing System 
and S u r f a c e  V e h i c l e  Cont ro l  System f o r  Mars E x p l o r a t i o n  

I. I n t r o d u c t i o n  

The planned e x p l o r a t i o n  of t h e  p l a n e t  Mars i n  t h e  
1970 ' s  i n v o l v e s  t h e  l a n d i n g  o f  a n  e x c u r s i o n  module on t h e  
m a r t i a n  s u r f a c e .  Fol lowing  a s u c c e s s f u l  l a n d i n g ,  t h e  e x p l o r -  
a t i o n  of t h e  m a r t i a n  s u r f a c e  would be promoted c o n s i d e r a b l y  
i f  t h e  e x c u r s i o n  model i s  mobile and i f  i t s  motion can  be 
c o n t r o l l e d  a c c o r d i n g  t o  a spec i f i c  p l a n  of e x p l o r a t i o n .  
t r i b u t i n g  t o  t h e  formidable  problems t o  be f aced  by such  a 
mis s ion  a re  t h e  e x i s t e n c e  of a n  atmosphere whose parameters  
are a t  t h i s  t i m e  r a t h e r  u n c e r t a i n  w i t h i n  broad l i m i t s  and t h e  
i n f o r m a t i o n  t r a n s m i s s i o n  d e l a y  t i m e  between M a r t i a n  and E a r t h  
c o n t r o l  u n i t s .  
a number of impor t an t  problems o r i g i n a t i n g  w i t h  t h e  f a c t o r s  
noted above have been i n v e s t i g a t e d  by a f a c u l t y - s t u d e n t  team 
a t  R e n s s e l a e r .  I 

Con- 

With t h e  suppor t  o f  NASA Grant  NGL-33--18-091, 

The problems under s t u d y  f a l l  i n t o  two broad c a t e -  
g o r i e s :  ( a )  c a p s u l e  l a n d i n g  and (b)  c o n t r o l  of  a mobile  
e x p l o r a t i o n  u n i t ,  from which a c o n s i d e r a b l e  number o f  s p e c i f i c  
t a s k s  have been d e f i n e d .  T h i s  p r o g r e s s  r e p o r t  d e s c r i b e s  t h e  
tasks which have been under taken  and documents t h e  p r o g r e s s  
which has  been achieved  i n  t h e  i n t e r v a l  J u l y  1, 1969 t o  
December 3'1, 1969 and p r o j e c t s  a c t i v i t y  f o r  t h e  nex t  pe r iod  
end ing  June  3 0 ,  1970. 

11. D e f i n i t i o n  of Tasks 

The u n c e r t a i n t y  i n  m a r t i a n  atmosphere pa rame te r s  
and t h e  d e l a y  t i m e  (o rde r  of t e n  minutes )  i n  round t r i p  com- 
mun ica t ion  between Mars and E a r t h  u n d e r l i e  unique problems 
r e l e v a n t  t o  m a r t i a n  and /o r  o t h e r  p l a n e t a r y  e x p l o r a t i o n s .  A l l  
phases  of t h e  mis s ion  from l a n d i n g  t h e  c a p s u l e  i n  t h e  neigh-  
borhood o f  a d e s i r e d  p o s i t i o n  t o  t h e  s y s t e m a t i c  t r a v e r s i n g  of  
t h e  s u r f a c e  and t h e  a t t e n d a n t  d e t e c t i o n ,  measurement, and 
a n a l y t i c a l  o p e r a t i o n s  must be  consummated w i t h  a minimum of  
c o n t r o l  and i n s t r u c t i o n  by e a r t h  based u n i t s .  The d e l a y  t i m e  
r e q u i r e s  t h a t  on board systems c a p a b l e  of  making r a t i o n a l  
d e c i s i o n s  be developed and t h a t  s u i t a b l e  p r e c a u t i o n s  be t a k e n  
a g a i n s t  p o t e n t i a l  c a t a s t r o p h i c  f a i l u r e s .  F i v e  major  t a s k  
areas,  which are i n  t u r n  d i v i d e d  i n t o  a p p r o p r i a t e  s u b - t a s k s ,  
have been d e f i n e d  and are l i s t e d  below. 

A. T r a j e c t o r y  Cont ro l  - I f  updated m a r t i a n  atmosphere 
parameters  c a n  be o b t a i n e d  d u r i n g  e n t r y ,  a n  
a d a p t i v e  t r a j e c t o r y  c o n t r o l  sys tem can be used t o  



2 

a c h i e v e  t h e  d e s i r e d  v e l o c i t y ,  r ange  and a l t i t u d e  
parameters  p r i o r  t o  t h e  f i n a l  l a n d i n g  phase.  T h i s  
t ask  i s  concerned w i t h  methods by which t o  a c h i e v e  
t h e  d e s i r e d  t e r m i n a l  c o n d i t i o n s  g i v e n  t h e  ava i l -  
a b i l i t y  o f  updated a tmospher ic  pa rame te r s .  

B. Unpowered Aerodynamic Landing. The e x i s t e n c e  of an  
atmosphere on Mars, s l i g h t  as i t  i s ,  o f f e r s  a n  
o p p o r t u n i t y  f o r  unpowered l a n d i n g  o f  t h e  c a p s u l e  
through t h e  use of aerodynamic f o r c e s .  
i v e  o f  t h i s  task is t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  
of d e v i c e s  u t i l i z i n g  aerodynamic f o r c e s  t o  e f f e c t  
a n  a c c e p t a b l e  l a n d i n g  approach and touchdown. 

The o b j e c t -  

C. Sur face  Naviga t ion  and Pa th  Con t ro l .  Once t h e  
c a p s u l e  i s  landed and t h e  r o v i n g  v e h i c l e  i s  i n  a n  
o p e r a t i o n a l  s t a t e ,  i t  i s  necessa ry  t h a t  t h e  v e h i c l e  
can  be d i r e c t e d  t o  proceed under remote c o n t r o l  
from t h e  l a n d i n g  s i t e  t o  s p e c i f i e d  p o s i t i o n s  on t h e  
m a r t i a n  s u r f a c e .  T h i s  t ask  i s  concerned w i t h  t h e  
problems o f  t e r r a i n  modeling, p a t h  s e l e c t i o n  and 
n a v i g a t i o n  between t h e  i n i t i a l  and t e r m i n a l  s i t es  
when major t e r r a i n  f e a t u r e s  p r e c l u d i n g  d i r e c t  p a t h s  
are  t o  be a n t i c i p a t e d .  
c a p a b i l i t y  must be des igned  t o  minimize e a r t h  c o n t r o l  
r e s p o n s i b i l i t y  excep t  i n  t h e  most a d v e r s e  circum- 
s t a n c e s .  

On board d e c i s i o n  making 

D. Veh ic l e  Conf igu ra t ion ,  C o n t r o l ,  Dynamics, Systems 
and P ropu l s ion .  The o b j e c t i v e s  of  t h i s  t a sk  are  
t o  i n v e s t i g a t e  problems r e l a t e d  t o  t h e  d e s i g n  o f  a 
r o v i n g  v e h i c l e  f o r  Mars e x p l o r a t i o n  w i t h  r e s p e c t  t o  
c o n f i g u r a t i o n ;  motion and a t t i t u d e  c o n t r o l ;  o b s t a c l e  
avoidance ;  c o n t r o l ,  i n f o r m a t i o n  and power systems ; 
and p r o p u l s i o n  systems.  I n  a d d i t i o n ,  t h e  d e s i g n  
concep t s  must accommodate t h e  equipment and i n s t r u -  
ments r e q u i r e d  t o  automate t h e  v e h i c l e  and t o  perform 
t h e  s c i e n t i f i c  o b j e c t i v e s  o f  t h e  mis s ion .  

E. Chemical Analys is '  o f  Specimens. 
of m a r t i a n  s u r f a c e  e x p l o r a t i o n  w i l l  be t o  o b t a i n  
chemica l ,  b iochemica l  o r  b i o l o g i c a l  i n fo rma t ion .  
Most exper iments  proposed f o r  t h e  m i s s i o n  r e q u i r e  
a g e n e r a l  d u t y ,  chromatographic  s e p a r a t o r  p r i o r  t o  
chemical  a n a l y s i s  by some d e v i c e .  The o b j e c t i v e  
of t h i s  task i s  t o  g e n e r a t e  fundamental  d a t a  and 
concepts  r e q u i r e d  t o  op t imize  such a chromatographic  
s e p a r a t o r  acco rd ing  t o  t h e  a n t i c i p a t e d  miss ion .  

A major  o b j e c t i v e  
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Summary of  R e s u l t s  

Task A .  Adaptive T r a j e c t o r y  C o n t r o l  

Task A . I .  T r a j e c t o r y  Cont ro l  of Mars E n t r y  by F l i g h t  
Angle - K. Yong 
F a c u l t y  Advisor:  P r o f .  C.N. Shen 

The Mars e n t r y  problem has  been r e c e n t l y  i n v e s t i -  
ga t ed  u s i n g  s e n s i t i v i t y  a n a l y s i s  t o  hand le  u n c e r t a i n t i e s  
i n  t h e  estimates o f  t h e  M a r t i a n  atmosphere,  R e f .  1. The 
purpose o f  t h e  problem r e q u i r e s  s a t i s f y i n g  s p e c i f i e d  
c o n s t r a i n t s  a t  a g iven  t e r m i n a l  a l t i t u d e  i n  o r d e r  t o  
a s s u r e  a s u c c e s s f u l  s o f t  l a n d i n g  on t h e  M a r t i a n  s u r f a c e .  
The two most impor t an t  c o n s t r a i n t s  t o  be s a t i s f i ed  a t  
t h e  t e r m i n a l  a l t i t u d e  a r e  t h e  range  a n g l e  and v e l o c i t y .  
It i s  d e s i r e d  t h a t  t h e  t e r m i n a l  range  e r r o r  due t o  t h e  
d i f f e r e n c e  between t h e  r e f e r e n c e  a tmospher ic  model and 
t h e  updated a c t u a l  a tmospher ic  model be as s m a l l  as pos-  
s i b l e ,  and t h a t  t h e  t e r m i n a l  v e l o c i t y  should n o t  exceed 
1000 f p s  f o r  a s a f e  s o f t  l a n d i n g .  One ve ry  e f f e c t i v e  way 
b e i n g  i n v e s t i g a t e d  invo lves  u s i n g  a d i sc re t e  change of 
t h e  b a l l i s t i c  c o e f f i c i e n t  a t  a f i x e d  a l t i t u d e  accompanied 
by a p p l y i n g  an  impuls ive  t h r u s t  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  of t h e  v e l o c i t y  v e c t o r  s o  as t o  d i s c r e t e l y  
change t h e  f l i g h t  p a t h  a n g l e  of t h e  v e h i c l e .  T h i s  task 
i n v e s t i g a t e s  t h e  use  of f l i g h t  p a t h  a n g l e  changes t o  
c o n t r o l  t h e  t r a j e c t o r y  of t h e  v e h i c l e  s o  t h a t  t h e  t e r m i n a l  
c o n s t r a i n t s  are s a t i s f i e d .  

Th i s  method o f  c o n t r o l  was proposed by Hedge, R e f .  2 ,  He 
i n t roduced  a n  unbounded c o n t r o l  o f  t h e  f l i g h t  p a t h  a n g l e  
u s i n g  a f i r s t  o r d e r  s e n s i t i v i t y  e q u a t i o n  t o  s o l v e  f o r  t h e  
magnitude and d i r e c t i o n  o f  t h e  f l i g h t  p a t h  a n g l e  change 
r e q u i r e d .  Af te r  a d i s c r e t e  change of t h e  b a l l i s t i c  
c o e f f i c i e n t  a t  t h e  e n t r y  a l t i t u d e ,  89,400 f t .  above t h e  
M a r t i a n  s u r f a c e ,  t h e  f i r s t  o r d e r  s e n s i t i v i t y  e q u a t i o n  was 
used t o  estimate t h e  t e r m i n a l  range  errcr  and c a l c u l a t e  
t h e  needed c o n t r o l ,  i . e . ,  t h e  change of  f l i g h t  p a t h  a n g l e .  
The c o n t r o l  c a l c u l a t e d  by t h e  f i r s t  o r d e r  s e n s i t i v i t y  
e q u a t i o n  i s  referred t o  as t h e  unbounded c o n t r o l .  How- 
e v e r ,  t h e  f i r s t  o r d e r  s e n s i t i v i t y  e q u a t i o n  p rov ides  a 
poor approximat ion  o f  t h e  t e r m i n a l  range  e r r o r .  I n  o t h e r  
words,  i t  g i v e s  a v e r y  i n a c c u r a t e  i n d i c a t i o n  of  t h e  
change of  f l i g h t  p a t h  ang le  r e q u i r e d  t o  c o r r e c t  t h e  
t r a j e c t o r y  so as  t o  reduce t e r m i n a l  r ange  e r r o r .  There- 
f o r e ,  t h e  v a l u e s  o f  unbounded c o n t r o l  which are  c a l c u l a t e d  
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by t h e  f i r s t  o r d e r  s e n s i t i v i t y  e q u a t i o n  t e n d s  t o  over -  
c o r r e c t  t h e  t r a j e c t o r y ,  Moreover, a large amount of  
f u e l ,  about  310 l b s .  f o r  a chemical  r o c k e t ,  i s  used f o r  
t h i s  purpose.  Th i s  i s  n o t  v e r y  economical when o n l y  
h a l f  of t h e  range  e r r o r  i s  e l i m i n a t e d  compared t o  t h e  
u n c o n t r o l l e d  c a s e .  Thus a b e t t e r  scheme needs t o  be 
found which w i l l  no t  only r educe  t h e  t e r m i n a l  r ange  
e r r o r  by a g r e a t  amount b u t  a l s o  w i l l  r educe  t h e  c o s t  o f  
f u e l  d u r i n g  t h e  f l i g h t .  

The unbounded c o n t r o l  has  a tendency t o  push t h e  
t r a j e c t o r y  t o o  f a r .  
f l i g h t  p a t h  a n g l e  can  be bounded t o  reduce  t h e  over -  
c o r r e c t i o n ,  i t  should be p o s s i b l e  t o  reduce  t h e  t e r m i n a l  
e r r o r  w h i l e  u s i n g  l e s s  f u e l .  I n  t h i s  c a s e ,  t h e  f i r s t  
o r d e r  s e n s i t i v i t y  e q u a t i o n  i s  n o t  used d i r e c t l y  i n  t h e  
c a l c u l a t i o n  of  t h e  bounded c o n t r o l s .  I n s t e a d ,  t h e  p o l a r i t y  
of t h e  e s t i m a t e d  f i n a l  r ange  e r r o r  i s  used t o  i n d i c a t e  
t h e  d i r e c t i o n  of t h e  c o n t r o l .  T h e r e f o r e ,  t h e  i n a c c u r a c y  
o f  t h e  f i r s t  o r d e r  s e n s i t i v i t y  e q u a t i o n  w i l l  n o t  e f f e c t  
t h e  bounded scheme as much as i n  t h e  unbounded c a s e .  
By u s i n g  f o u r  d i s c r e t e  changes of f l i g h t  p a t h  a n g l e  and 
VM8 as t h e  r e f e r e n c e  a tmospher ic  model, i f  a VM4 model 
i s  assumed as t h e  a c t u a l  a tmosphere,  a most s u i t a b l e  
bound f o r  t h e  c o n t r o l  can be found a t  A0,(s) = 0.001 r a d .  
which reduces  t h e  t e r m i n a l  e r r o r  about  15 t i m e s  more t h a n  
t h e  unbounded c o n t r o l  and 30 t i m e s  more t h a n  t h e  
u n c o n t r o l l e d  c a s e  as can be s e e n  i n  Table  1. The com- 
p a r i s o n  o f  c o s t  of f u e l  and t e r m i n a l  v e l o c i t y  i s  a l s o  
shown i n  Tab le  1. 
of c o n t r o l  i s  on ly  5.65 l b s .  which i s  about  55 t imes less 
t h a n  t h e  unbounded c o n t r o l .  

I f  t h e  magnitude of  t h e  change of  

The f u e l  r e q u i r e d  f o r  t h e  b e s t  bound 

The advantages  and d i s a d v a n t a g e s  of  b e s t  bounded 
c o n t r o l  can  be concluded as f o l l o w s :  

The b e s t  bounded c o n t r o l  r educes  t h e  t e r m i n a l  
range  e r r o r  c o n s i d e r a b l y .  

The b e s t  bounded c o n t r o l  u s e s  much less f u e l  
t h a n  t h e  unbounded c o n t r o l .  Th i s  i s  a very  
impor t an t  advantage e s p e c i a l l y  i f  i t  i s  
d e s i r e d  t o  have t h e  v e h i c l e  r e t u r n  from t h e  
M a r t i a n  s u r f a c e .  Under t h i s  c o n d i t i o n ,  t h e  f u e l  
c o n s t r a i n t  becomes t h e  most impor t an t  i n  t h e  
c o n t r o l  problem. 

The t e r m i n a l  v e l o c i t y  of t h e  v e h i c l e  i s  a l s o  
smaller  t h a n  i n  t h e  unbounded case. However, 
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Uncon t ro l l ed  -0.592 x 10-4 0 522 
Unbounded C o n t r o l  30.294 x 10-4 310 562 

Best Bounded Con t ro l  -0.017 x 10-4 5.65 518 

s i n c e  both  a r e  f a r  below t h e  r e q u i r e d  v a l u e  
of 1 ,000 f p s .  t h i s  i s  no t  as impor t an t  as 
(1) and (2) above. 

( 4 )  The o n l y  d i sadvan tage  of  t h e  b e s t  bounded 
c o n t r o l  i s  t h a t  i t  i s  hard t o  implement on a n  
on-board computer i n  t h e  v e h i c l e  s i n c e  t h e  
parameters  of t h e  a c t u a l  a tmospher ic  model have 
t o  be updated as t h e  v e h i c l e  f l i e s  through t h e  
m a r t i a n  atmosphere and t h e  b e s t  bound of  c o n t r o l  
i s  n o t  a p r i o r i  known. However, s i n c e  t h e  f i r s t  
a tmospher ic  dependent c o r r e c t i o n  w i l l  no t  be 
made a n  a l t i t u d e  of  76,000 f t . ,  i s  reached 
updated parameters  can be made a v a i l a b l e .  Hence,  
a b e s t  v a l u e  f o r  t h e  c o n t r o l  bound can  be found 
a c c o r d i n g  t o  t h e  updated v a l u e s  a t  76,000 f t .  

. A s  more a c c u r a t e  parameter  upda te s  a r e  ob ta ined  
a new b e s t  bound f o r  t h e  c o n t r o l  can  be c a l c u l a t e d  
which should  be i n  t h e  neighborhood o f  t h e  f i r s t  
v a l u e  i f  t h e  parameters  a r e  n e a r l y  t h e  same. 
Although t h i s  scheme w i l l  r e q u i r e  l o n g e r  computing 
t i m e ,  t h e  advantages  of reduced f u e l  p e n a l t y  and 
smaller t e r m i n a l  range e r r o r  s u p p o r t  t h e  con- 
c l u s i o n  t h a t  t h e  b e s t  bounded c o n t r o l  i s  s u p e r i o r  
t o  t h e  unbounded c o n t r o l .  Fur thermore ,  i f  t h e  
updated a tmospher ic  parameters  converge very  
r a p i d l y  t o  f i x e d  v a l u e s ,  t h e n  t h e  b e s t  bounded 
c o n t r o l  scheme would be o p t i m a l  f o r  t h i s  pro- 
blem because  f i x e d  v a l u e s  are easy  t o  program 
i n t o  t h e  computer f o r  u s e  i n  c a l c u l a t i n g  t h e  
c o r r e c t i o n  a t  nex t  a l t i t u d e .  

TABLE I 

Reference  Atmospheric Model VM8 
Assumed Actua l  Atmospheric Model VM4 
Terminal  A l t i t u d e  20,000 f t .  

I T e r m i n a l  Range 1 Cost o f  I Terminal  I 
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Task B. Unpowered Aerodynamic Landing - T. Kershaw 
. F a c u l t y  Advisor:  P r o f .  G.N. Sandor 

It has  been proposed t h a t  t h e  unpowered r o t a r y  wing i s  
c a p a b l e  of p r o v i d i n g  t h e  b e s t  aerodynamic means o f  c o n t r o l l e d  
d e c e l e r a t i o n  and touchdown f o r  unmanned ins t rumen t  packages 
i n  p l a n e t a r y  e x p l o r a t i o n .  The o b j e c t i v e s  o f  t h i s  t a s k  were: 

(1) t o  deve lop  t h e  mechanical  d e s i g n  of t h e  unpowered 
r o t o r  i n  s u f f i c i e n t  d e p t h  t o  provide  r e a l i s t i c  
weight  and s t r e n g t h  l i m i t a t i o n s ;  

(2) t o  deve lop  a t h e o r e t i c a l  aerodynamic a n a l y s i s  f o r  
t h e  mechanical  d e s i g n  d e s c r i b i n g  t h e  o p e r a t i o n a l  
c h a r a c t e r i s t i c s  of t h e  r o t o r ;  

(3) t o  make a d e t a i l e d  comparison between t h e  e f f i c i e n c y  
o f  t h e  unpowered r o t o r  concept  and methods f o r  con- 
t r o l l e d  d e s c e n t  p r e s e n t l y  b e i n g  used .  

P r e d i c t i o n s  of  r o t o r  performance as ob ta ined  from t h e  
c l o s e d  form a n a l y s i s  and t h e  computer s o l u t i o n s  were found t o  
be i n  d i sag reemen t .  A review of  t h e  c l o s e d  form a n a l y s i s  
d i s c l o s e d  s e v e r a l  minor e r r o r s  which have been c o r r e c t e d  so  
t h a t  c o n s i s t a n t  r e s u l t s  a r e  now be ing  o b t a i n e d .  

F u r t h e r  p r o g r e s s  has  been de layed  by r e c e n t  systems modi- 
f i c a t i o n s  i n  t h e  c e n t r a l  computing f a c i l i t i e s .  These modi- 
f i c a t i o n s  r e q u i r e  some adjus tments  i n  t h e  computing program 
b e f o r e  a d d i t i o n a l  s tudy  can  be under taken .  

During t h e  coming pe r iod ,  it i s  in t ended  t h a t  t h e  com- 
p u t i n g  programs be modif ied t o  permi t  t h e i r  u s e  and t h a t  t h e  
n e c e s s a r y  c a l c u l a t i o n s  be made t o  pe rmi t  f o r  a comparison 
between t h e  au togyro  concept  and more c o n v e n t i o n a l  l a n d i n g  
schemes t o  be made. 

Task C.  T e r r a i n  Modeling, Pa th  S e l e c t i o n  and Nav iga t ion  

The mis s ion  p l a n  t o  under take  a s y s t e m a t i c  e x p l o r a t i o n  
o f  Mars r e q u i r e s  t h a t  t h e  rov ing  v e h i c l e  can be i n s t r u c t e d  
t o  proceed under remote c o n t r o l  from i t s  l a n d i n g  s i t e  t o  a 
s u c c e s s i o n  of d e s i r e d  l o c a t i o n s .  T h i s  o b j e c t i v e  r e q u i r e s  
t h a t  t h e  v e h i c l e  posses s  t h e  c a p a b i l i t i e s :  of s e n s i n g  and 
i n t e r p r e t i n g  t h e  t e r r a i n  t o  p rov ide  t h e  i n f o r m a t i o n  r e q u i r e d  
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by a p a t h  s e l e c t i o n  system, of  s e l e c t i n g  p a t h s  w i t h  due r ega rd  
t o  s a f e t y  and o t h e r  c o n s i d e r a t i o n s ,  and o f  knowing i t s  l o c a t i o n  
and t h a t  o f  i t s  d e s t i n a t i o n s .  Tasks r e l a t i n g  t o  t h e s e  
o b j e c t i v e s  have been de f ined  and a r e  under  a c t i v e  s t u d y .  The 
p r o g r e s s  achieved  t o  d a t e  i s  d e s c r i b e d  i n  t h e  s e c t i o n s  immediately 
f o l l o w i n g  . 

Task C . 1 . a .  T e r r a i n  Modeling - Carl P a v a r i n i  
F a c u l t y  Advisor:  P r o f .  D.K. F r e d e r i c k  

It i s  in t ended  t o  supp ly  t h e  M a r t i a n  r o v i n g  v e h i c l e  
w i t h  t h e  c a p a b i l i t y  t o  choose autonomously t h e  p a t h  it 
w i l l  t r a v e l  once g iven  a t a r g e t  d e s t i n a t i o n .  
p l i s h  t h i s  t a s k ,  it w i l l  be necessa ry  t o  f i r s t  model t h e  
t e r r a i n ,  and t h e n  c r e a t e  a n  a l g o r i t h m  which w i l l  u t i l i z e  
t h i s  i n f o r m a t i o n  t o  p i c k  a n  o b s t a c l e - f r e e  p a t h  which w i l l  
h o p e f u l l y  a l s o  minimize o t h e r  c o s t  f a c t o r s .  

To accom- 

T h i s  p o r t i o n  o f  t h e  s t u d y  i s  concerned w i t h  t h e  
problems re la ted  t o  t h e  task of  t e r r a i n  modeling. 
d e s i r e d  t o  g e n e r a t e  a model  o f  t h e  t e r r a i n  ahead of  t h e  
v e h i c l e  from measurements ob ta ined  by a d iscre te ,  l i n e -  
o f - s i g h t ,  e l e c t r o m a g n e t i c  s e n s o r .  Fo r  t h e  purpose of 
t h i s  s t u d y  i t  has  been assumed t h a t  t h e r e  i s  an  i d e a l  
s e n s o r ,  i . e . ,  one w h i c h  i s  e r r o r l e s s  i n  d e t e r m i n a t i o n  
o f  range  and has  z e r o  beam-width. By p o i n t i n g  t h e  
s e n s o r ,  e . g . ,  radar,  i n  a s p e c i f i e d  d i r e c t i o n ,  t h e  range  
(R) t o  t h e  t e r r a i n  may be measured as a f u n c t i o n  of  t h e  
two independent  v a r i a b l e s  azimuth a n g l e  (OC) and 
e l e v a t i o n  a n g l e  ( @  ) .  
w i l l  s c a n  t o  t a k e  d a t a  a t  d i s c r e t e  v a l u e s  of  @ f o r  a 
c o n s t a n t  azimuth a n g l e .  Because t h e  i n t e r e s t  i s  i n  
long-range  p a t h s ,  t h e  ranges  of  i n t e r e s t  are t h o s e  
exceeding  200 f t .  

It i s  

It has  been assumed t h a t  t h e  s e n s o r  

The t e r r a i n  modeling a n a l y s i s  b reaks  down i n t o  two 
s e p a r a t e  b u t  related problems: t e r r a i n  d a t a  a c q u i s i t i o n  
and p r o c e s s i n g .  

Data A c q u i s i t i o n  

Enough in fo rma t ion  about  t h e  t e r r a i n  must be ob ta ined  
s o  t h a t  i t  can  be s a i d  t h a t  t h e  t e r r a i n  i s  "defined".  
To p u t  t h i s  concept  i n  q u a n t i t a t i v e  terms, i f  a d i f f e r -  
ence  of  more t h a n  300 f t .  between a d j a c e n t  range  r e a d i n g s  
i s  encoun te red ,  i t  i s  s a i d  t h a t  t h e  r e g i o n  i s  'lundefined". 
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Thus, t h e  problem of  d a t a  a c q u i s i t i o n  i s  no t  o n l y  t o  
o b t a i n  da t a  t o  a l low i d e n t i f i c a t i o n  of  o b s t a c l e  f e a t u r e s ,  
b u t  t o  have enough d a t a  t o  be a b l e  t o  p r e d i c t  t h e  
absence  o f  o b s t a c l e s .  

It was d e c i d e d  t o  u t i l i z e  a s i n g l e  s e n s o r  a t  a 
f i x e d  h e i g h t  (which, f o r  t h e  purpose of i n c r e a s i n g  t h e  
a n g l e s  of  i n c i d e n c e  between t h e  beam and t e r r a i n ,  should  
be as h igh  as p o s s i b l e ) .  
was chosen f o r  t h e  purposes  of  s i m u l a t i o n .  The azimuth 
a n g l e  increment  was set  a t  f i v e  d e g r e e s ,  and t h e  
e l e v a t i o n  a n g l e  increment  a t  f i v e  m i l l i r a d i a n s ,  w i t h  
w i t h  p r o v i s i o n s  f o r  r educ ing  t h i s  increment to  5 / 3  m i l l i -  
r a d i a n s  i f  t h e  i n t e r v a l  between measured r anges  exceeds 
300 f t .  

A s e n s o r  h e i g h t  o f  t e n  fee t  

The s e n s o r  i s  assumed t o  s c a n  v e r t i c a l l y  a t  i n c r e a s -  
i n g  e l e v a t i o n  a n g l e s  beginning  a t  t h a t  a n g l e  f o r  which 
t h e  range  i s  approximately 200 f t .  A primary s c a n  i s  
done w i t h  AB= 5 m r .  I f  t h e  measurements i n d i c a t e  
t h e  p re sence  of a n  undefined r e g i o n  s t a r t i n g  a t @ = &  
t h e n  A b  
t h a t  azimuth a n g l e .  

i s  reduced t o  5 / 3  m r  f o r  a l l  p >Po , f o r  

Computer s i m u l a t i o n s  were c a r r i e d  o u t  f o r  i n d i v i d u a l  
two-dimensional t e r r a i n  p r o f i l e s  t o  gu ide  t h e  s e l e c t i o n  
o f  t h e  parameter v a l u e s  used .  Of c o u r s e ,  any c h o i c e s  
w i l l  be c o n s t r a i n e d  by p r a c t i c a l  c o n s i d e r a t i o n s  ( i d e a l l y ,  
t h e  s e n s o r  h e i g h t  would be as l a r g e  as p o s s i b l e  and 
would approach z e r o ) .  

The conc lus ion  drawn from t h i s  a n a l y s i s  i s  t h a t  i t  
was much eas ie r  t o  d e f i n e  r a d i c a l l y  v a r y i n g  t e r r a i n  t h a n  
t h e  t y p e  o f  t e r r a i n  one would hope t h e  v e h i c l e  would 
normally t r a v e l  ( f l a t  o r  g e n t l y  s l o p i n g ) .  I n  most c a s e s ,  
i t  was necessa ry  t o  u s e  t h e  small  e l e v a t i o n  a n g l e  
t o  "def ine"  t h e  t e r r a i n .  I n  a d d i t i o n ,  t h e  use  of t h e  
smaller increment  does  n o t  always improve t e r r a i n  
d e f i n i t i o n ,  t h e  extreme case be ing  t h a t  i n  which p a r t s  of  
t h e  t e r r a i n  were h idden  from view. 

Data P r o c e s s i n g  f o r  Model Genera t ion  

The model genera ted  by t h e  sys tem w i l l  h o p e f u l l y  
g i v e  t h e  r a n g e - t o - o b s t a c l e  a long  each  azimuth l i n e  i n  
q u e s t i o n .  However, i t  is  n e c e s s a r y  t o  d i s t i n g u i s h  
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t h e  f o l l o w i n g  c l a s s e s  o f  o b s t a c l e s :  

I n - p a t h  s l o p e  - where t h e  s l o p e  of  t h e  l i n e  
connec t ing  two c o n s e c u t i v e  d a t a  
p o i n t s  a l o n g  a n  azimuth l i n e  exceeds 
a p r e d e t e r m i n e d  maximum, F i g u r e  1. 

Cross-pa th  s l o p e  - where t h e  s l o p e  of  t h e  l i n e  
j o i n i n g  two d a t a  p o i n t s  o f  approx i -  
mately e q u a l  range  on a d j a c e n t  azimuth 
l i n e s  exceeds a prede termined  maximum, 
F igu re  2 .  

Unknown reg ion  - where, a f t e r  u t i l i z a t i o n  of  
t h e  smallest  A/3 a v a i l a b l e  f o r  a s c a n  
a l o n g  a n  azimuth l i n e ,  t h e r e  are  
p o i n t s  separated by more t h a n  a p re -  
determined d i s t a n c e .  

Out-of-range - where ,  a f t e r  f i n d i n g  none of  t h e  
th ree  p rev ious  o b s t a c l e s  a l o n g  a n  
azimuth l i n e ,  an  i n c r e a s e  i n  e l e v a t i o n  
angle  r e s u l t s  i n  no r e a s o n a b l e  range  
measurement ( say  less t h a n  5000 f t . ) .  
I n  t h i s  sense,  a l l  l i n e s  w i l l  show a n  
o b s t a c l e ,  f o r  t h e r e  w i l l  always be 
some range  beyond which t h e r e  w i l l  be 
no a v a i l a b l e  d a t a .  

S imula t ion  R e s u l t s  

A t h ree -d imens iona l  t e r r a i n  segment d e f i n e d  ove r  a 
60' p i e - s l i c e  shape  w i t h  a 3000 f t .  r a d i u s  was chosen 
a c c o r d i n g  t o  t h e  fo l lowing  c r i t e r i a :  

1. agreement wi th  t h e  most r e c e n t l y  publ i shed  
s t u d i e s  of t h e  M a r t i a n  s u r f a c e  ( R e f .  3) as t o  
t y p i c a l  o b s t a c l e s .  

2. knowledge ga ined  from p rev ious  d a t a - a c q u i s i t i o n  
a n a l y s i s  as t o  what t y p e s  and dimension t e r r a i n  
f e a t u r e s  would be most l i k e l y  t o  p r e s e n t  
c h a l l e n g e s  t o  t h e  system. 

Keeping i n  mind t h e  f a c t  t h a t  r e s u l t s  may be h i g h l y  
dependent  upon t h e  a c t u a l  t e r r a i n  used ,  t h e  f o l l o w i n g  
c o n c l u s i o n s  can  be s t a t e d :  

1. I n - p a t h  o b s t a c l e s  can  be d e t e c t e d  w i t h  l i t t l e  
e r r o r .  
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It i s  extremely d i f f i c u l t  t o  a c c u r a t e l y  
d e t e c t  t h e  presence of a c r o s s - p a t h  o b s t a c l e  
and t h e  method used i n  t h i s  s t u d y  i s  u n s a t i s -  
f a c t o r y ,  ( t h i s  was due t o  t h e  dependence of 

between p o i n t s  on a d j a c e n t  az imuths ) .  
t h e  p r e s e n t  scheme upon a 11 good match" 

Unknown-region o b s t a c l e s  are  a very  real  pro-  
blem due t o  t h e  f requency  of  t h e i r  occu r rence .  

A t e r r a i n  which i s  e a s i l y  d e f i n e d  a l o n g  a 
p a r t i c u l a r  azimuth t e n d s  t o  be d e f i n e d  f o r  
o n l y  a r e l a t i v e l y  s h o r t  d i s t a n c e  from t h e  
s e n s o r ,  beyond which l i t t l e  o r  no i n f o r m a t i o n  
can  be ga the red .  

Adequate d e f i n i t i o n  of d i f f  i c u l t - t o - d e f i n e  
t e r r a i n s  does n o t  seem p o s s i b l e  f o r  r anges  
beyond some i n t e r m e d i a t e  v a l u e  (say 1500 t o  
2000 f t . ) .  

Proposed Study 

Cont inuing  work i s  proposed i n  t h e  t e r r a i n  modeling 
area t o  r e s o l v e  t h e  problems i n c u r r e d  i n  t h e  s i m u l a t i o n .  
It seems necessa ry  t o  fo rego  t h e  s i m p l i c i t y  of d e l i n e a t -  
i n g  i n - p a t h  and c ross -pa th  o b s t a c l e s ,  such  a s  f o r m u l a t i n g  
a method of  c a l c u l a t i n g  t h e  g r a d i e n t  of  t h e  p l a n e  d e t e r -  
mined by t h r e e  p o i n t s .  I n  t h i s  way, i t  i s  hoped t o  
overcome t h e  problems i n  d e t e r m i n i n g  s l o p e  o b s t a c l e s  
encountered  wi th  t h e  two-point method. One s imple  method 
a l r e a d y  e x i s t s  f o r  which s i m u l a t i o n  has  been accomplished 
( R e f .  4 )  and a n o t h e r  has been r e c e n t l y  developed by t h e  
a u t h o r .  It i s  proposed t o  u t i l i z e  t h e s e  methods on t h e  
t e r r a i n  modeling s i m u l a t i o n  performed p r e v i o u s l y  and 
de te rmine  t h e  q u a l i t y  o f  t h e  r e s u l t s  as opposed t o  t h e  
p a s t  r e s u l t s  a s  w e l l  a s  a n  " i d e a l "  s o l u t i o n .  The con- 
c l u s i o n s  t h a t  w i l l  be  drawn from t h i s  work should  r e s u l t  
i n  a n  a p p r a i s a l  o f  what can  be accomplished i n  t h e  a r e a  
of t e r r a i n  modeling a t  t h e  expense of i n c r e a s e d  d a t a  
p r o c e s s i n g  complexi ty .  

Assuming t h a t  t h e  p l a n a r  s l o p e  method y i e l d s  
improved r e s u l t s ,  t h e  t e r r a i n  modeling system w i l l  
g e n e r a t e  v a l u e s  of  t h e  r a n g e - t o - o b s t a c l e  f o r  each  asimuth 
v a l u e ,  a l o n g  w i t h  a n  i n d i c a t i o n  of  t h e  t y p e s  of o b s t a c l e s  - 
e x c e s s i v e  g r a d i e n t  , unknown r e g i o n ,  o r  ou t -o f - r ange .  
As f u r t h e r  work on a completely au tomat i c  r o v i n g  
c a p a b i l i t y  w i l l  n e c e s s i t a t e  t h e  f o r m u l a t i o n  of  a pa th-  
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s e l e c t i o n  a l g o r i t h m ,  s tudy  w i l l  have t o  be done t o  
de t e rmine  a method o r  methods o f  comparison f o r  t h e  
v a r i o u s  proposed a l g o r i t h m s .  

The b a s i s  f o r  comparison w i l l  be p a r t i a l l y  depend- 
e n t  upon t h e  in fo rma t ion  a v a i l a b l e  about  t h e  t e r r a i n  
( t h e  t y p e  and q u a l i t y  o f  t h e  t e r r a i n  model).  
hoped t o  phase t h e  t e r r a i n  modeling work i n t o  t h e  pa th-  
s e l e c t i o n  e f f o r t  w i t h i n  t h e  nex t  month. 

It i s  

Task C.1.b. E v a l u a t i o n  of  Automatic Pa th  S e l e c t i o n  
Algori thms - J. C h r y s l e r  
F a c u l t y  Advisor:  P r o f .  D.K. F r e d e r i c k  

The t h r e e  b a s i c  s t e p s  i n  t h e  ground n a v i g a t i o n  
sys t em are  d a t a  a c q u i s i t i o n ,  t e r r a i n  modeling, and au to -  
matic p a t h  s e l e c t i o n .  P a s t  work i n  t h e  area of  au tomat i c  
p a t h  s e l e c t i o n  has  p r i m a r i l y  been concerned w i t h  t h e  
f o r m u l a t i o n  of  v a r i o u s  p a t h  s e l e c t i o n  a l g o r i t h m s .  
Because i t  i s  p o s s i b l e  t o  d e v i s e  a g r e a t  v a r i e t y  of  p a t h  
s e l e c t i o n  a l g o r i t h m s ,  it becomes impor t an t  t o  have a 
measure by which d i f f e r e n t  a lgo r i thms  may be compared. 
The o b j e c t i v e s  of t h e  t a s k  a re :  
f o r  q u a n t i t a t i v e l y  e v a l u a t i n g  p a t h  s e l e c t i o n  a l g o r i t h m s ,  
(b) To e v a l u a t e  e x i s t i n g  p a t h  s e l e c t i o n  a l g o r i t h m s .  

( a )  To d e v i s e  a method 

P l a n s  c a l l  f o r  deve lop ing  a performance index ,  o r  
s e t  of indexes ,  t h a t  w i l l  a s s i g n  a q u a n t i t a t i v e  measure 
t o  t h e  performance o f  a p a t h  s e l e c t i o n  a l g o r i t h m .  
do  t h i s ,  it w i l l  be  necessa ry  t o  a s c e r t a i n  t h o s e  para-  
meters of t h e  o v e r a l l  system which a r e  most impor t an t  and,  
i n  p a r t i c u l a r ,  t o  de te rmine  t h o s e  f e a t u r e s  of t h e  v e h i c l e ' s  
d e s i g n  which might a f f e c t  t h e  e v a l u a t i o n  p rocess .  

To 

Aside from t h e  e v a l u a t i o n  of  a l g o r i t h m s ,  t h e  formu- 
l a t i o n  and s t u d y  of  performance indexes  should  provide  
v a l u a b l e  i n s i g h t  i n t o  how t o  d e v i s e  a " b e t t e r "  p a t h  
s e l e c t i o n  a l g o r i t h m  t o  meet c e r t a i n  needs.  

The f i r s t  problem i s  t o  d e c i d e  what t y p e s  o f  i n f o r -  
mat ion  a performance index should i n c l u d e .  Areas t h a t  
would appea r  t o  be of p r i m a r y  concern  a r e :  s a f e t y  and 
s u c c e s s  i n  f i n d i n g  a pa th ;  power and energy r equ i r emen t s  
f o r  d r i v i n g  t h e  v e h i c l e ;  and computa t iona l  r equ i r emen t s .  

S a f e t y  and Success  i n  F inding  a Pa th  

Success  i n  f i n d i n g  a p a t h  and t h e  s a f e t y  of t h a t  
p a t h  are  c l o s e l y  r e l a t e d  s u b j e c t s  and a r e  bo th  q u i t e  
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impor t an t .  However, i n  a mis s ion  o f  t h i s  t y p e ,  t h e  
s a f e t y  o f  t h e  v e h i c l e  would be o f  t h e  utmost importance.  
Fo r  i n s t a n c e ,  i t  would be  far  more d e s i r a b l e  t o  f a i l  t o  
f i n d  a p a t h  t o  a d e s i r e d  d e s t i n a t i o n  and t o  r e t a i n  t h e  
s a f e t y  of  t h e  v e h i c l e  r a t h e r  t h a n  t o  l o o s e  t h e  v e h i c l e  
i n  a n  a t t e m p t  t o  n e g o t i a t e  an  u n s a f e  pa th .  It i s  because  
of t h i s  h igh  p r i o r i t y  on t h e  s a f e t y  of  t h e  v e h i c l e  t h a t  
a performance index  d e a l i n g  w i t h  t h e  s a f e t y  of  a p a t h  
gene ra t ed  by a n  a l g o r i t h m  was t h e  f i rs t  t o  be i n v e s t i -  
gated. T h i s  i ndex  i s  d i scussed  b r i e f l y  below. 

Power and Energy Requirements 

The power and energy r equ i r emen t s  f o r  t h e  o p e r a t i o n  
o f  t h e  v e h i c l e  c o n s t i t u t e  a n o t h e r  area of  great  import-  
ance .  Although t h e  l e n g t h  of  t h e  p a t h  i s  a n  obvious and 
impor t an t  f ac to r ,  t h e  p h y s i c a l  make up of t h e  v e h i c l e  and 
i t s  energy  requi rements  w i l l  a l s o  a f f ec t  t h e  way i n  which 
p a t h  s e l e c t i o n  a lgo r i thms  should be e v a l u a t e d .  Whether 
o r  no t  t h e  v e h i c l e  has  a r e g e n e r a t i v e  power supp ly  sys tem 
would d e f i n i t e l y  effect  t h e  a c c e p t a b i l i t y  of  a f l a t  p a t h  
compared t o  one t h a t  climbs and descends a number of 
s l o p e s .  An impor t an t  q u e s t i o n  i n  t h i s  area i s  whether 
o r  n o t  t h e  two d imens iona l  t e r r a i n  model which i s  p r e s e n t l y  
b e i n g  s t u d i e d  c o n t a i n s  enough i n f o r m a t i o n  f o r  proper  p a t h  
s e l e c t i o n .  It i s  conce ivable  t h a t  t h e  energy r e q u i r e d  
f o r  s t e e r i n g  t h e  v e h i c l e  could a l s o  a f f e c t  t h e  e v a l u a t i o n  
of a pa th .  

J u s t  how t h e s e  and o t h e r  energy  c o n s i d e r a t i o n s  
a f fec t  t h e  a l g o r i t h m  e v a l u a t i o n  p r o c e s s  and how an index  
r e l a t i n g  t o  them might be dev i sed  w i l l  be t h e  s u b j e c t  of 
s t u d y  i n  t h e  immediate f u t u r e .  

A Performance Index f o r  P a t h  S a f e t y  

The fundamentals  o f  a n  Average S a f e t y  Index ( A . D . I . )  
have been fo rmula t ed .  
r e p r e s e n t i n g  a two d imens iona l  t e r r a i n  model, r e g i o n s  are 
drawn about  t h e  o b s t a c l e  and a s s igned  a danger  l e v e l ,  
The danger  l e v e l  would n a t u r a l l y  i n c r e a s e  as a n  o b s t a c l e  
i s  approached.  Given t h e  p a t h  gene ra t ed  by a p a t h  
s e l e c t i o n  a l g o r i t h m ,  an average  danger  index  is  computed 
a c c o r d i n g  t o  t h e  fo l lowing  formula :  

On a sample o b s t a c l e  c o n f i g u r a t i o n ,  

r (danger l e v e l ) 2  x ( l e n g t h  o f  p a t h )  
= a l l  r eg ions  A . D . I .  

t o t a l  l e n g t h  of p a t h  

F i g u r e  3 shows a n  example o f  how t h i s  i ndex  might 
work, u s i n g  a 0 t o  10 danger l e v e l  sca le .  The r e s u l t s  
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of t h i s  example a g r e e  wi th  t h e  i n t u i t i v e  f e e l i n g  t h a t  
p a t h  2 would indeed be a safer ,  and b e t t e r ,  p a t h  t h a n  
p a t h  1. 

Squar ing  o f  t h e  danger l e v e l  i n  t h e  formula g i v e s  

I f  a l i n e a r  r e l a t i o n s h i p  
a g r e a t e r  p e n a l t y  f o r  c r o s s i n g  from a n  8 t o  a 10 r e g i o n  
t h a n  from a 2 t o  a 4 r eg ion .  
w a s  used ,  it would r e s u l t  i n  a uni form p e n a l t y  through-  
o u t  t h e  r ange  f o r  c r o s s i n g  i n t o  a h i g h e r  danger  r e g i o n .  
The s q u a r i n g  i s  c o n s i s t e n t  w i t h  t h e  h i g h  concern  f o r  
s a f e t y  and should  g i v e  a w i d e r  spread  i n  t h e  index  v a l u e s  
c a l c u l a t e d  f o r  v a r i o u s  a l g o r i t h m s .  

More work needs t o  be done on t h i s  index  t o  d e t e r -  
mine what o b s t a c l e  c o n f i g u r a t i o n s  should be used and 
j u s t  how t o  draw t h e  danger r e g i o n s  i n  o r d e r  t o  g e t  t h e  
best resu l t s .  

Four p a t h  s e l e c t i o n  a l g o r i t h m s  are a v a i l a b l e  f o r  
t h e  t e s t i n g  of  v a r i o u s  performance i n d i c e s  and as an  a i d  
i n  f o r m u l a t i n g  new i n d i c e s .  To p r e s e n t ,  t h e  m a j o r i t y  
of t h e  e f f o r t  has  been devoted t o  g e t t i n g  t h e  computer 
programs s i m u l a t i n g  t h e s e  a l g o r i t h m s  o p e r a t i o n a l  and i n  
modi fy ing  them t o  accept t h e  same t y p e  o f  i n p u t  da t a .  

The p r e l i m i n a r y  c r i t e r i a  p resen ted  above w i l l  be  
f u r t h e r  r e f i n e d  and methods of  e x p r e s s i n g  them q u a n t i t a -  
t i v e l y  w i l l  be examined. It i s  expec ted  t h a t  computer 
s i m u l a t i o n  u s i n g  t h e  e x i s t i n g  s e l e c t i o n  a l g o r i t h m s  w i l l  
p l a y  a n  impor t an t  r o l e .  

Task  C . 2 .  Nav iga t ion  Systems 

Task C.2.a. Pr imary Nav iga t iona l  System f o r  a M a r t i a n  
Roving Vehic le  - Ronald E: Janosko 
F a c u l t y  Advisor:  P r o f .  C.N. Shen 

The n a v i g a t i o n a l  scheme must be a b l e  t o  l o c a t e  
d e s t i n a t i o n s  t h a t  t h e  v e h i c l e  might want t o  e x p l o r e  w i t h  
r e s p e c t  t o  a c o o r d i n a t e  sys tem i n  t h e  v e h i c l e .  
n a v i g a t i o n  schemes and a l g o r i t h m s  have been dev i sed  t o  
get a r o v i n g  v e h i c l e  around o b j e c t s  and t o  a d e s t i n a t i o n ,  
R e f .  5. Bas i c  t o  a l l  of  t h e s e  schemes i s  t h e  f a c t  t h a t  
t h e  v e h i c l e  knows where t h e  d e s t i n a t i o n  i s .  The 
o b j e c t i v e  of  t h i s  t a s k  i s  t o  deve lop  a pr imary n a v i g a t i o n  
scheme which w i l l  a l low t h e  v e h i c l e  t o  l o c a t e  i t s e l f  and 
i t s  d e s t i n a t i o n  i n  some c o o r d i n a t e  system. 

Many 
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FIGURE 3 :  Example of t h e  Use of t h e  Danger Index  
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At f i r s t  t h i s  seems t o  be a n  e a s y  task.  The 

The problem w i t h  
v e h i c l e  needs on ly  t o  look about  i t s  l a n d i n g  s i g h t  
u n t i l  i t  f i n d s  a predetermined t a r g e t .  
t h i s  s imple  sounding scheme i s  t h a t  most l i k e l y  t h e  
v e h i c l e  w i l l  land n e a r  a target  bu t  i n  o r d e r  t o  g e t  
maximum u s e  o u t  of t h e  r o v i n g  v e h i c l e  i t  would be b e s t  
f o r  t h e  v e h i c l e  t o  exp lo re  a n o t h e r  more d i s t a n t  t a r g e t .  
Here i s  where t h e  problem a r i s e s .  I f  t h e  n e x t  t a r g e t  
i s  q u i t e  d i s t a n t ,  s a y  over  f i f t y  miles away, t h e r e  i s  
a good p o s s i b i l i t y  t h a t  some p h y s i c a l  s u r f a c e  f e a t u r e  
w i l l  o b s t r u c t  d i r e c t  o b s e r v a t i o n  of t h e  t a r g e t  by t h e  
v e h i c l e .  
sys t em must be e f f e c t i v e  even i f  o b s t a c l e s  b lock  d i r e c t  
o b s e r v a t i o n  of t h e  t a r g e t .  
l i m i t e d  by t h e  c u r v a t u r e  of  t h e  M a r t i a n  s u r f a c e .  One 
a l t e r n a t i v e  t o  i n c r e a s e  t h e  r a n g e  o f  o b s e r v a b i l i t y  i s  t o  
i n c l u d e  t h e  o r b i t e r  i n  t h e  system. 

We n o t e  immediately t h a t  a pr imary n a v i g a t i o n a l  

The o b s e r v a t i o n  range  i s  a l s o  

The scheme under i n v e s t i g a t i o n  u s e s  t h e  o r b i t e r  t o  
obse rve  t h e  lankmark i n  i t s  own r e f e r e n c e  frame. I n  
t u r n  t h e  o r b i t e r  i s  observed by t h e  v e h i c l e  i n  a v e h i c l e  
frame . 

The b a s i c  scheme, Ref. 6 ,  i n v o l v e s  o r b i t e r  s i g h t i n g  
of  t h e  landmark and vehicle  s i g h t i n g  of  t h e  o r b i t e r  a t  
two s u c c e s s i v e  s i g h t i n g  t imes.  

. F i g u r e  4 shows t h e  s i t u a t i o n .  I n  t h i s  f i g u r e  C i s  
t h e  p l a n e t  c e n t e r ,  L and V a r e  t h e  lankmark and v e h i c l e  
r e s p e c t i v e l y .  P1 and P2 deno te  t h e  p o s i t i o n  o f  t h e  
o r b i t e r  a t  t h e  two s i g h t i n g  t i m e s .  
c o o r d i n a t e  system i s  l o c a t e d  on t h e  v e h i c l e  and a l l  
v e h i c l e  measurements a r e  m a d e  w i t h  r e s p e c t  t o  t h i s  
system. The y1, y2 ,  and y3 c o o r d i n a t e  sys tem i s  on t h e  
o r b i t e r  and a l l  o r b i t e r  measurements are made wi th  
r e s p e c t  t o  t h i s  system. Note t h a t  i t  i s  assumed t h a t  t h e  
y sys tem i s  o n l y  t r a n s l a t e d  as t h e  o r b i t e r  t r a v e l s  f r o m  
P I  t o  P2 and t h a t  t h e r e  are no r o t a t i o n s  w i t h  r e s p e c t  t o  
i n e r t i a l  s p a c e .  The c o o r d i n a t e  sys tem c e n t e r e d  i n  t h e  
p l a n e t  i s  merely t o  a i d  i n  t h e  r e p r e s e n t a t i o n  of  t h e  
f i g u r e  . 

The XI, x2 ,  and x3 

F o r  t h i s  n a v i g a t i o n  concept  t o  f u n c t i o n  p r o p e r l y  
t h e  v e h i c l e  needs t o  be a b l e  t o  measure:  

1. The v e c t o r  and m2 
h 

2 .  The u n i t  v e c t o r  VC 
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FIGURE 4 :  Conceptual Navigation Systems 
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The o r b i t e r  has  t o  be a b l e  t o  measure: 

4 A 
1. The u n i t  v e c t o r s  PlL and P L 

2. The u n i t  v e c t o r  P /i' C and P 9 C 

3 .  The h e i g h t  above t h e  p l a n e t ' s  s u r f a c e  a t  t h e  
t i m e s  t i  and t2. 

It i s  assumed t h a t  t h e  f i r s t  set  of measurements 
i n v o l v i n g  P1 are  made  a t  tl and l ikewise t h o s e  i n v o l v i n g  

s h i p s  are t h e n  used t o  c o n s t r u c t  a common r e f e r e n c e  
frame, and a l s o  t o  de te rmine  t h e  d e s i r e d  VL v e c t o r .  

P 2 are made a t  t2. Geomet r i c  and t r i g o m e t r i c  r e l a t i o n -  

An i n i t i a l  a t t empt  a t  a geometr ic  sys tem fa i l ed  
because  i t  could no t  accommodate measurement e r r o r s .  
By t h i s  i t  i s  meant t h a t  t h e  scheme's e q u a t i o n s  could no t  
be manipulated t o  provide  a f i l t e r i n g  of t h e  measurement 
n o i s e .  By r e f o r m u l a t i n g  t h e  problem as a s t a t e  
e s t i m a t i o n  problem, e r r o r s  could be p r o p e r l y  inco rpora t ed  
f o r  f i l t e r i n g .  

The s t a t e  parameters  t o  be e s t i m a t e d  are  t h e  l a t i t u d e  
a n g l e ,  l o n g i t u d e  a n g l e  and r a d i u s  t o  t h e  r o v e r  and l and-  
mark, (see F i g u r e  5 ) .  From t h e s e  parameters  t h e  nav i -  
g a t i o n  v e c t o r  can be found. 

The main r e s u l t  t o  d a t e  has  been t h e  r e f o r m u l a t i o n  
of t h e  problem a s  a s t a t e  e s t i m a t i o n  problem i n  o r d e r  
t o  o b t a i n  meaningful  r e s u l t s .  A s  p r e v i o u s l y  s ta ted t h e  
i n i t i a l  approach d i d  not a l l o w  f o r  a convergence scheme 
as would be necessa ry  f o r  most f i l t e r i n g  s o l u t i o n s .  

IVI = r a d i u s  t o  r o v e r  

UI = r a d i u s  t o  laEd- 
R L mark 1" A i =  Landmark l a t i t u d e  

= Rover l a t i t u d e  

& $= Landmark a n g l e  l o n g i t u d e  

a n g l e  

I &qY 
? t , A  : a n g l e  

a n g l e  
& , M z , 4 s  = Mars 

geographic  
r e f e r e n c e  frame. 

w ' M 2  @,F Rover l o n g i t u d e  

MI FIGURE 5 :  R e q u i r e d  S t a t e  Barometer 
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T h i s  i s  because  under  t h i s  r e p r e s e n t a t i o n  t h e  on ly  con- 
s t a n t  i s  t h e  landmark. I n  t h e  r e fo rmula t ed  problem a l l  
pa rame te r s  can be t r e a t e d  as c o n s t a n t s  and a n  a d d i t i o n a l  
scheme i s  used t o  update  t h e  v e h i c l e  parameters  a s  i t  
moves a l o n g  t h e  Martian s u r f a c e .  

F u t u r e  r e s e a r c h  on t h i s  t ask  w i l l  c a l l  f o r  a n  
e x t e n s i v e  s t u d y  a v a i l a b l e  methods t h a t  might be used 
t o  s o l v e  t h e  f i l t e r i n g  problem. I f  a n  a v a i l a b l e  method 
i s  a p p l i c a b l e  t h e n  i t  must be implemented and t e s t e d .  
I f  no method i s  a v a i l a b l e ,  a new method w i l l  have t o  be 
developed and implemented. 

Task C.2.b. Reference  Coord ina te  System f o r  S u r f a c e  
Navigat ion - L a r r y  Hedge 
F a c u l t y  Advisor:  P r o f .  C . N .  Shen 

Task C.2.a.  desc r ibed  a n a v i g a t i o n  scheme u s i n g  t h e  
o r b i t e r s  t o  de t e rmine  t h e  p o s i t i o n  of  a s u r f a c e  r o v i n g  
v e h i c l e .  Through t h e  u s e  of  d i s c r e t e  s e t s  of  measure- 
ments ,  a s t a t i s t i c a l  f i t  i s  performed t o  r e c u r s i v e l y  
de t e rmine  t h e  r o v e r ' s  p o s i t i o n  on t h e  s u r f a c e ,  R e f .  6 .  
However, s i n c e  t h e  e s t i m a t i o n  p rocess  i s  t i m e  consuming, 
i t  would be d e s i r a b l e  t o  a l l o w  t h e  v e h i c l e  t o  move 
between t h e  o l d  and t h e  new, updated estimate o f  p o s i t i o n .  
T h e r e f o r e ,  i t  has  been t h e  purpose of t h i s  t a s k  t o  d e s i g n  
a scheme t h a t  w i l l  a l l o w  r o v i n g  v e h i c l e  t o  m a i n t a i n  a 
knowledge of  i t s  p resen t  p o s i t i o n  by t r a c k i n g  i t s  move- 
ments from a g iven  s t a r t i n g  p o i n t .  Such a system may 
also be  used t o  ma in ta in  an  estimate o f  t h e  r o v e r ' s  
p o s i t i o n  where t h e  o r b i t e r  i s  o u t  o f  s i g h t  of  t h e  r o v e r .  

The o b j e c t i v e  is  t o  descr ibe t h e  p o s i t i o n  of  t h e  
r o v e r  w i t h  r e s p e c t  t o  a c o o r d i n a t e  sys tem f i x e d  i n  t h e  
p l a n e t  as t h e  v e h i c l e  moves a l o n g  t h e  s u r f a c e  from some 
g i v e n  i n i t i a l  p o i n t .  
measurements ( d i s t a n c e ,  v e l o c i t y ,  o r  a c c e l e r a t i o n )  made 
w i t h  r e s p e c t  t o  a c o o r d i n a t e  sys tem i n  t h e  r o v e r ,  and 
must accoun t  f o r  t h e  t i m e  r e l a t i o n s h i p  between t h e  
r o v e r ' s  frame and t h e  p l a n e t - f i x e d  frame. 

The n a v i g a t i o n  scheme must u se  

The concept  o f  a n  i n e r t i a l  p l a t f o r m  i n  t h e  r o v e r  
was s e t  a s i d e  i n  o r d e r  t o  i n v e s t i g a t e  t h e  use  and feas i -  
b i l i t y  o f  a moving, n o n - i n e r t i a l  r e f e r e n c e  frames. It 
was f e l t  t h a t  i t  might be p o s s i b l e  t o  ach ieve  a sys tem 
s i g n i f i c a n t l y  l i g h t e r  than  a n  i n e r t i a l  p l a t f o r m  by 
a d o p t i n g  a moving frame and t h a t  t h e  only  p e n a l t y  
i n c u r r e d  would be a smal l  i n c r e a s e  i n  t h e  amount o f  on- 
board computat ion r e q u i r e d .  
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A c o o r d i n a t e  system was chosen which u s e s  a n  a l i g n -  
ment t echn ique  similar t o  one used on E a r t h  f o r  hundreds 
of y e a r s .  The f i r s t  a x i s ,  XI, (see F i g u r e  6 )  i s  po in ted  
i n  t h e  d i r e c t i o n  o f  a pole  s t a r  o f  Mars. Th i s  e s t a b -  
l i s h e s  one of  t h e  c o o r d i n a t e  axes  p a r a l l e l  t o  t h e  s p i n  
a x i s  of Mars, a f a c t  which becomes very  u s e f u l  i n  t h e  
d e s c r i p t i o n  of t h e  t r a c k i n g  system. The second c o o r d i n a t e  
d i r e c t i o n ,  x2 ,  i s  e s t a b l i s h e d  by measuring t h e  d i r e c t i o n  
of l o c a l  v e r t i c a l .  The x 3  v e c t o r  and t h e  l o c a l  v e r t i c a l  
v e c t o r  t h e n  d e f i n e s  a p lane  of  l o n g i t u d e  on t h e  p l a n e t ,  
The p e r p e n d i c u l a r  t o  t h i s  p l ane  i n  an  eastward d i r e c t i o n  
i s  t o  be t aken  a s  t h e  x2 d i r e c t i o n .  The t h i r d  a x i s ,  
i s  t h e  c r o s s  product  of x2 and x3. An advantage  of  t h i s  
sys tem i s  t h a t  t h e  r e l a t i o n s h i p  of t h i s  frame t o  t h e  
p l a n e t - f i x e d  Mars frame i s  on ly  a f u n c t i o n  o f  t h e  r o v e r ' s  
p o s i t i o n  on t h e  s u r f a c e .  
p a r a l l e l  t o  t h e  e q u a t o r i a l  p l ane  o f  Mars and t h e r e f o r e  
t h e  c o o r d i n a t e  sys tem only  r o t a t e s  about  t h e  x3  a x i s .  
Also t h e  r o t a t i o n  can  only occur  i f  t h e  v e h i c l e  moves 
w i t h  r e s p e c t  t o  t h e  s u r f a c e .  

The x1 x2 p lane  i s  always 

The problem i s  now t o  deve lop  a scheme which u s e s  
measurements i n  t h e  r o v e r ' s  x-frame t o  de t e rmine  t h e  
v e h i c l e  p o s i t i o n  r e l a t i v e  t o  a g i v e n  s t a r t i n g  p o i n t .  

The geometry f o r  t h e  t r a c k i n g  system i s  shown i n  
F i g u r e  6.  The t r a n s f o r m a t i o n  of  a v e c t o r  i n  t h e  x-frame 
( rove r )  t o  t h e  M - f r a m e  ( p l a n e t - f i x e d )  a t  any t i m e  can be 
expressed  by u s i n g  a t r a n s f o r m a t i o n  m a t r i x  T ( t ) .  

Now c o n s i d e r  measuring t h e  r o v e r ' s  v e l o c i t y  w i t h  
r e s p e c t  t o  t h e  s u r f a c e .  I n s t a n t a n e o u s  v e l o c i t y  can  be 
expressed  e x a c t l y  as a v e c t o r  q u a n t i t y  i n  t h e  x-frame 
and t h e r e  e x i s t s  a s p e c i f i c  v a l u e  of T ( t )  f o r  t h i s  
v e c t o r .  S ince  t h e  va lue  of  T ( t )  i s  only  dependent  on t h e  
v e h i c l e ' s  p o s i t i o n ,  i t  i s  p o s s i b l e  t o  transform t h e  measured 
v e l o c i t y  t o  t h e  M-frame. 

A mathemat ica l  d e s c r i p t i o n  of  t h e  p o s i t i o n  t r a c k i n g  
sys tem a l lows  f o r  t h e  l o c a t i o n  of  t h e  v e h i c l e  by cont inuous  
measurement of  i t s  s u r f a c e  v e l o c i t y  i n  i t s  own non- 
i n e r t i a l  frame. The r o v e r ' s  r e f e r e n c e  frame r o t a t e s  w i t h  
r e s p e c t  t o  a p l a n e t - f i x e d  frame on ly  when t h e  v e h i c l e  
moves a c r o s s  l i n e s  o f  l o n g i t u d e .  A s e t  o f  d i f f e r e n t i a l  
e q u a t i o n s  were d e r i v e d  which when so lved  y i e l d  a t i m e  
r e l a t i o n s h i p  between t h e  r o v e r ' s  v e l o c i t y  w i t h  r e s p e c t  
t o  t h e  s u r f a c e  and t h e  r o v e r ' s  p o s i t i o n  on t h e  s u r f a c e .  
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e The s e t  o f  d i f f e r e n t i a l  e q u a t i o n s  i s  n o n - l i n e a r .  How- 
e v e r ,  due t o  t h e  s p e c i f i c  c h o i c e  o f  t h e  v e h i c l e ' s  
r e f e r e n c e  c o o r d i n a t e  s y s t e m  and i t s  r e l a t i o n s h i p  t o  a 
c o o r d i n a t e  s y s t e m  f i x e d  i n  t h e  p l a n e t ,  t h e  e q u a t i o n s  
are c o n c i s e .  S ince  t h e  v e h i c l e  w i l l  be moving a t  very  
low speeds ,  d i g i t a l  i n t e g r a t i o n  t e c h n i q u e s  should prove 
e f f e c t i v e  and very  r ap id  i n  o b t a i n i n g  t h e  s o l u t i o n s  t o  
t h e  d i f f e r e n t i a l  equa t ions .  

Work i s  underway t o  de te rmine  t h e  f e a s i b i l i t y  of  
such  a c o o r d i n a t e  system. 
p o i n t  are t h a t  g iven  t h e  e x i s t e n c e  o f  such  a c o o r d i n a t e  
sys tem,  t h e  p o s i t i o n  of t h e  r o v e r  can  be t r a c k e d  w i t h i n  
t h e  accu racy  o f  t h e  given i n i t i a l  s t a r t i n g  p o i n t .  
f e a s i b i l i t y  o f  e s t a b l i s h i n g  such a frame, o r  one 
s i m i l a r ,  remains a p r i m e  task o b j e c t i v e .  

Conclusions reached a t  t h i s  

The 

Task C.2.c .  I n s t r u m e n t a t i o n  f o r  Naviga t ion  System - 
J . V .  Wilson 
F a c u l t y  Advisor:  P r o f .  C.N.  Shen 

The o b j e c t i v e  of  t h i s  t a s k  i s  t o  i n v e s t i g a t e  systems 
o f  i n s t r u m e n t a t i o n  f o r  t h e  n a v i g a t i o n  sys tem concept  
d e s c r i b e d  under Task C . 2 . a .  w i th  t h e  purpose of  de t e r -  
mining t h e  i m p l i c a t i o n s  which t h e  r e q u i r e d  hardware might 
have on t h e  f e a s i b i l i t y  of  t h e  b a s i c  system. S ince  t h i s  
pr imary n a v i g a t i o n  system f o r  a n  unmanned-roving v e h i c l e  
was q u i t e  d i f f e r e n t  f r o m  c o n v e n t i o n a l  sys tems,  t h e r e  
appeared t o  be c o n s i d e r a b l e  o p p o r t u n i t y  f o r  i n v e s t i g a t i o n  
of new t y p e s  o f  i n s t r u m e n t a t i o n ,  new c o o r d i n a t e  frames, 
and new schemes o f  c a l c u l a t i o n s  f o r  s o l v i n g  t h e  b a s i c  
n a v i g a t i o n  problem. It was i n  f a c t  d i scove red  t h a t  
s e v e r a l  new frames might be of  i n t e r e s t ,  and t h a t  s e v e r a l  
r a t h e r  unusua l  s e n s i n g  d e v i c e s  might have t o  be developed 
t o  p r o p e r l y  u t i l i z e  t h i s  system. I n  f a c t ,  t h e  r e s u l t s  
of t h i s  s t u d y  combined w i t h  e r r o r  a n a l y s i s  o f  t h e  b a s i c  
sys tem,  Task C .2 . a . ,  have l ead  t o  a major r e v i s i o n  of t h e  
b a s i c  sys tem i t s e l f ,  which w i l l  now r e q u i r e  s t i l l  f u r t h e r  
i n s  t r ume n t  a t  i o n  s t ud y . 

The i n i t i a l  e f f o r t  i n  t h e  s t u d y  was des igned  t o  
e s t a b l i s h  t h e  g e n e r a l  environment i n  which t h e  s e n s o r s  
would o p e r a t e ,  d e t e r m i n e  t h e  q u a n t i t i e s  which would have 
t o  be measured, and d e f i n e  a s e t  of  g e n e r a l  r equ i r emen t s  
which a l l  i n s t r u m e n t s  would have t o  m e e t .  Th i s  would 
i n c l u d e  such  i t e m s  as weight ,  power, accu racy ,  r e l i a b i l i t y ,  
e tc .  The second e f f o r t  was a s t u d y  of  e x i s t i n g  
i n s t r u m e n t s  which might p o s s i b l y  be matched t o  t h e  
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i n d i v i d u a l  j o b s  t o  be done. B a s i c a l l y ,  t h e  measure- 
ments r e q u i r e d  by t h e  system were as f o l l o w s :  

a.  Veh ic l e :  l o c a l  v e r t i c a l  
s a t e l l i t e  range  and b e a r i n g  

b. S a t e l l i t e :  l o c a l  v e r t i c a l  
s a t e l l i t e  a l t i t u d e  above t h e  

d i r e c t i o n  of  M a r t i a n  s u r f a c e  
M a r t i a n  s u r f a c e  

landmark from s a t e l l i t e  

It w a s  found t h a t  d i r e c t  s e n s i n g  of  l o c a l  v e r t i c a l  i n  
a dynamic environment from bo th  t h e  s a t e l l i t e  and t h e  
v e h i c l e  were ve ry  d i f f i c u l t  problems, and t h a t  t h e  
s a t e l l i t e  t r a c k i n g  o f  t h e  landmark w a s  a l s o  ex t remely  
d i f f i c u l t .  The l o c a l  ve r t i ca l  problem c a n  f o r s e e a b l y  
be overcome by de te rmin ing  l o c a l  v e r t i c a l  f o r  t h e  
s a t e l l i t e  from a knowledge o f  t h e  o r b i t  pa rame te r s ,  and 
f o r  t h e  v e h i c l e  by having  t h e  s a t e l l i t e  t r a c k  t h e  
v e h i c l e  and compute t h e  v e h i c l e ' s  l o c a l  v e r t i c a l  f o r  i t .  
The t r a c k i n g  o f  a n o n - r a d i a t i n g  s u r f a c e  landmark i s  s t i l l  
no t  so lved .  

The two major  v e h i c l e  r e f e r e n c e  frames which were 
cons ide red  i n  c o n j u n c t i o n  w i t h  Task C.2.b. ,  were a p o l e  
s t a r / l o c a l  v e r t i c a l  frame and a s u n / l o c a l  v e r t i c a l  frame. 
The po le  s t a r  frame was v e r y  i n t e r e s t i n g  because of  i t s  
computa t iona l  s i m p l i c i t y  and l i g h t  weight  i n s t r u m e n t a t i o n ,  
a l o n g  w i t h  t h e  f a c t  t h a t  i t  could be maintained day o r  
n i g h t  as t h e  p l a n e t  r o t a t e d .  U n f o r t u n a t e l y ,  i t  has  
d e f i n i t e  geographic  l i m i t a t i o n s .  It cannot  be used a t  
a l l  i n  t h e  n o r t h e r n  hemisphere,  ( t h e r e  i s  o n l y  a s o u t h e r n  
p o l e  s t a r ,  no n o r t h e r n ) ,  no r  n e a r  t h e  e q u a t o r ,  (because 
of v i s i b i l i t y  r e s t r i c t i o n s  n e a r  t h e  h o r i z o n ) ,  nor  c l o s e  
t o  t h e  s o u t h  p o l e ,  (because of  t h e  s i n g u l a r i t y  t h e r e  
between t h e  l o c a l  v e r t i c a l  and t h e  p o l e  s t a r  a x i s ) .  Th i s  
l e a v e s  only  t h e  s o u t h e r n  m i d - l a t i € u d e s .  The sun  frame 
i s  i n s t r u m e n t a t i o n a l l y  s u p e r i o r  because t h e  sun  i s  even 
easier t o  t r a c k  t h a n  t h e  p o l e  s t a r ,  b u t  it i s  computat ion-  
a l l y  q u i t e  complex. The r e l a t i o n s h i p  between t h e  sun  
frame and t h e  M a r t i a n  geographic  frame i s  n o t  a s imple  
r o t a t i o n  as f o r  t h e  pole  s t a r  frame. I t s  geographic  
l i m i t a t i o n s ,  a l t h o u g h  d i f f e r e n t  from t h o s e  of  t h e  p o l e  
s t a r  frame, a r e  s t i l l  q u i t e  r ea l .  The sun  frame can  be 
used anywhere on t h e  p l a n e t ,  bu t  o n l y  f o r  c e r t a i n  p e r i o d s  
o f  t h e  y e a r  a n d / o r  f o r  o n l y  c e r t a i n  t imes of  t h e  day.  
F o r  example, t h e  frame i s  e x c e l l e n t  a t  t h e  p o l e s ,  where 
t h e  sun  and l o c a l  v e r t i c a l  are  n e a r l y  a t  r i g h t  a n g l e s  a l l  
day ,  b u t  t h i s  i s  on ly  t r u e  f o r  t h e  summer months s i n c e  
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t h e  s u n  i s  no t  v i s i b l e  a t  a l l  i n  w i n t e r .  Near t h e  
e q u a t o r ,  care must be taken  t o  avoid t h e  s i n g u l a r i t y  of  
hav ing  t h e  sun  pass  n e a r l y  overhead,  and of c o u r s e  t h e  
s u n  p a s s e s  o u t  of  s i g h t  each  evening .  Again, t h i s  l e a v e s  
t h e  m i d - l a t i t u d e s  as t h e  on ly  f a v o r a b l e  area i f  t h e  
m i s s i o n  i s  t o  l a s t  a f u l l  y e a r .  

The d i f f i c u l t i e s  i n  i n s t r u m e n t i n g  t h e  sys tem l i e  
p r i m a r i l y  i n  t h e  t r a c k i n g  of  t h e  s u r f a c e  landmark by t h e  
o r b i t e r  and i n  s e l e c t i o n  of a c o o r d i n a t e  frame t o  cove r  
a l l ,  o r  a t  l e a s t  most s i t u a t i o n s .  The p r o j e c t  has  t h u s  
fa r  been kep t  q u i t e  f l e x i b l e  and has  s t u d i e d  t h e  p o s s i -  
b i l i t i e s  of  i n s t r u m e n t i n g  many k i n d s  of  systems i n  v a r i o u s  
environments  a t  t h e  expense of d e t a i l e d  work on any one 
system. It i s  cons idered  t h a t  t h i s  has  been b e n e f i c i a l  
because  it  has  produced s e v e r a l  new and i n t e r e s t i n g  
i d e a s  w i t h  s e v e r a l  more p o s s i b i l i t i e s  y e t  t o  be i n v e s t i -  
g a t e d ,  b u t  i t  i s  i n  general d i f f i c u l t  t o  make any 
d e c i s i o n s  o r  e v a l u a t i o n s  wi thou t  more d e t a i l e d  feedback 
on m i s s i o n  g o a l s .  

It i s  expec ted  t h a t  t h e  work f o r  t h e  coming pe r iod  
w i l l  be devoted t o  f u r t h e r  work on t h e  landmark t r a c k i n g  
problem, t h e  c a l c u l a t i o n s  r e q u i r e d  f o r  l o c a l  v e r t i c a l  
d e t e r m i n a t i o n ,  and t h e  i m p l i c a t i o n s  of t h e  new n a v i g a t i o n  
sys tem proposed under  Task C.2.a. t o  l i m i t  t h e  i n v e s t i -  
g a t i o n  somewhat t o  permit  a d e e p e r  s t u d y  o f  a smaller 
number o f  d e t a i l s .  L i m i t a t i o n s  w i l l  be made on t h e  b a s i s  
of whatever  r e f inemen t s  are made i n  t h e  mis s ion  r e q u i r e -  
ments by cogn izan t  pe r sonne l  and o t h e r  assumptions w i l l  
be made by p r o j e c t  pe r sonne l  as n e c e s s a r y  t o  a l l o w  t h e  
work t o  proceed .  

Task C.3. Se l f - con ta ined  Nav iga t ion  Systems - A.L. Goldberg 
and P . J .  F ranke l  
F a c u l t y  Advisor:  P r o f .  E . J .  Smith 

The o b j e c t i v e  o f  t h i s  t ask  i s  t o  d e s i g n  a n a v i g a t i o n  
sys tem f o r  a r o v i n g  v e h i c l e  u s i n g  body-bound gyroscopes.  
The sys tem must be capab le  of s e n s i n g  v e h i c l e  a t t i t u d e  
g i v i n g  p i t c h ,  r o l l ,  and yaw and /o r  E u l e r  a n g l e s  of t h e  
c r a f t  w i t h  r e s p e c t  of i ts  o r i g i n a l  l a n d i n g  p o s i t i o n ,  
which i s  assumed known. It was d e s i r e d  t h a t  two t y p e s  
of systems be cons ide red ;  one u s i n g  s i n g l e - d e g r e e - o f -  
freedom gyroscopes and one u s i n g  two-degrees-of-freedom 
gyroscopes .  

The f i r s t  sys tem t o  be i n v e s t i g a t e d  was t h a t  u s i n g  
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two-degrees-of-freedom gyros .  
t h e  d e r i v a t i o n  of  t h e  a t t i t u d e  matrices has  been 
p r e s e n t e d  i n  R e f .  8 u s i n g  a q u a l i t a t i v e  procedure .  
From t h i s ,  i t  was d iscovered  t h a t  a sys tem u s i n g  t h r e e  
two-degrees-of -freedom gyroscopes was p h y s i c a l l y  
u n r e a l i z a b l e .  The reason  f o r  t h i s  c a n  be e a s i l y  s e e n  
by examining F i g u r e  7. 80 = 90' 
and 
T h i s  would cause  t h e  gyro t o  cease f u n c t i o n i n g  as a 
two-axis  s e n s i n g  dev ice .  T h e r e f o r e ,  t h e  on ly  con- 
f i g u r a t i o n  t h a t  s a t i s f i e s  t h e  c r i t e r i a  of R e f .  7 i s  t h a t  
shown i n  t h e  F i g u r e  7.  
t h a t  t h e  a n g l e  t r a n s f o r m a t i o n  matrix f o r  t h e  t h r e e  two- 
degrees-of - f reedom gyros y i e l d e d  i d e n t i a l  r e s u l t s  t o  t h e  
a n g l e  t r a n s f o r m a t i o n  m a t r i x  u s i n g  two two-degrees-of- 
freedom gyros .  This  requi rement  has  been m e t .  

A " p r a c t i c a l "  proof  o f  

If a t h i r d  gyro of  
y o  = 90° would have t o  be imposed on i t s  g imbals .  

It was t h e n  e s s e n t i a l  t o  show 

Subsequent ly ,  a t t e n t i o n  was t u r n e d  t o  t h e  s ing le -  
degree-of-freedom gyro sys tem and a n  e f f o r t  made t o  
d e r i v e  t h e  cor responding  a t t i t u d e  m a t r i x .  Th i s  w a s  done 
t o  a s c e r t a i n  a t  a n  e a r l y  s t a g e  whether  e i t h e r  sys tem 
would have s i g n i f i c a n t  advantages  ove r  t h e  o t h e r  so  as t o  
make f u r t h e r  i n v e s t i g a t i o n  i n t o  t h e  l a t t e r  unnecessary .  
An e x t e n s i v e  l i t e r a t u r e  s e a r c h  r e v e a l e d  t h a t  t h e  o u t p u t s  
of a sys tem u s i n g  s ingle-degree-of - f reedom gyros  cannot  
be used t o  uniquely  d e f i n e  t h e  o r i e n t a t i o n  of a v e h i c l e .  
A s  a r e s u l t ,  a hybrid system was chosen as a n  a l t e r n a t i v e .  
F i g u r e  8 shows such a system i n  i t s  e q u i l i b r i u m  p o s i t i o n .  
Upon r o t a t i n g  t h e  c ra f t  by an  a n g l e  about  t h e  
z - a x i s ,  Gimbal o r i e n t a t i o n s  s i m i l a r  t o  t h o s e  shown i n  
F i g u r e  9 r e s u l t .  Displacement caused by a r o t a t i o n  
about  a gyros o u t p u t  a x i s  y i e l d s  a t r u e "  a n g l e  (" t rue"  
b e i n g  E u l e r i a n )  measurement by t h a t  gyro ( , F i g u r e  9 ) .  
On t h e  o t h e r  hand, any r o t a t i o n  about  a g y r o s '  i n p u t  
a x i s  w i l l  produce a s i g n a l  t h a t  w i l l  c ause  t h e  gimbal 
on t h i s  gyro t o  expe r i ence  z e r o  n e t  d e f l e c t i o n  ( i . e .  a 
t o r q a e  on t h e  g i x b a l  of gy ro  no. 3 i n  F i g u r e  9 t o  make 
ea= 0 ). Due t o  numerous f o r s e e a b l e  problems, t h i s  
sys t em was t a b l e d  and work resumed on t h e  dynamics o f  
t h e  two-degrees-of-freedom gyro system. 

11 

P r e s e n t l y  under i n v e s t i g a t i o n  a r e  t h e  dynamics of  
t h e  two-degrees-of-freedom system. The pr imary method 
b e i n g  developed i s  based upon work r e p o r t e d  i n  R e f .  9 .  

F u t u r e  p l a n s  i n c l u d e  comple t ion  o f  t h e  a n a l y s i s  of  
b o t h  sys tem t y p e s  and a comparison of  t h e  two w i t h  
r e s p e c t  t o  v i t a l  system parameters  and i n t e g r a t l o n  of 
t h e  sys tem i n t o  t h e  overa l l  v e h i c l e  d e s i g n .  
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Task  D. Veh ic l e  Conf igu ra t ion ,  C o n t r o l ,  Dynamics, Systems 
and P r o p u l s i o n  

The o b j e c t i v e s  of t h i s  t a s k  are  t o  i n v e s t i g a t e  problems 
related t o  t h e  d e s i g n  o f  a rov ing  v e h i c l e  f o r  Mars e x p l o r a t i o n  
w i t h  r e s p e c t  t o  c o n f i g u r a t i o n ;  motion and a t t i t u d e  c o n t r o l ;  
o b s t a c l e  avoidance ;  c o n t r o l ,  i n f o r m a t i o n  and power sys tems;  
and p r o p u l s i o n  sys tems.  I n  a d d i t i o n ,  t h e  d e s i g n  concep t s  
must accommodate t h e  equipment and i n s t r u m e n t s  r e q u i r e d  t o  
au tomate  t h e  v e h i c l e  and t o  perform t h e  s c i e n t i f i c  o b j e c t i v e s  
of t h e  miss ion .  

Task  D . l .  Veh ic l e  Conf igu ra t ion  - W.P. Rayf i e ld  
F a c u l t y  Advisor : Prof .  G. N. Sandor 

The o b j e c t i v e  of  t h i s  t a s k  i s  t o  d e f i n e  and e v a l u a t e  
a v e h i c l e  c o n f i g u r a t i o n  r e q u i r e d  t o  meet mis s ion  
o b j e c t i v e s .  During t h i s  p e r i o d ,  t h r e e  major  a c t i v i t i e s  
have  been under taken .  

The l i t e r a t u r e  r e l a t i n g  t o  t h e  d e s i g n  of e x t r a  
t e r r e s t r i a l  v e h i c l e s  has  been reviewed i n  
d e t a i l  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  t h e  
Grumman, Bendix and Lockheed v e h i c l e s .  Th i s  
rev iew has provided an  i n s i g h t  i n t o  v a r i o u s  
d e s i g n  approaches and has  d e f i n e d  areas 
d e s e r v i n g  f u r t h e r  s t u d y .  

A c r e a t i v e  d e s i g n  e f f o r t  c o n s i d e r i n g  unusual  
combina t ions  of  p r o c e s s e s  and d e v i c e s  t h a t  
might l e a d  t o  nove l  d e s i g n  concep t s  has  been 
completed.  

Conceptual  and a n a l y t i c a l  d e s i g n  and p r e l i m i n a r y  
e v a l u a t i o n  of systems sugges ted  e i t h e r  by t h e  
l i t e r a t u r e  review o r  t h e  c r e a t i v e  d e s i g n  
e f f o r t  has  been under taken .  

As a r e s u l t  o f  t h e s e  a c t i v i t i e s ,  a c r e a t i v e  and o r i g i n a l  
v e h i c l e  d e s i g n ,  MRV, which a t  t h e  p r e s e n t  s t a t e  o f  
development meets t h e  NASA s p e c i f i c a t i o n s  and which 
o f f e r s  some advantages  ove r  p r e v i o u s l y  proposed and 
developed l u n a r  r o v i n g  v e h i c l e .  A sca le  model h a s  been 
c o n s t r u c t e d  and updated twice t o  demons t r a t e  t h e  
m a n e u v e r a b i l i t y  and o b s t a c l e  avoidance c h a r a c t e r i s t i c s  
of t h e  v e h i c l e  some of  i t s  g e n e r a l  f e a t u r e s  are shown i n  
F i g u r e s  10,  11 and 12. 
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The four-wheeled,  unsegmented MRV has  a u n i t i z e d  
payload .  Th i s  r educes  v e h i c l e  weight  by r e q u i r i n g  a 
s i n g l e  s u p p o r t  f rame,  e l i m i n a t i n g  segment c o u p l i n g s ,  
and r e d u c i n g  communication l i n k s .  
a t i o n  f a c i l i t a t e s  stowage and deployment of  t h e  v e h i c l e .  
The major  d i s a d v a n t a g e  of t h i s  f e a t u r e  i s  t h e  a d d i t i o n a l  
i n s u l a t i o n  and c o o l i n g  equipment necessa ry  t o  d i s s i p a t e  
g e n e r a t e d  h e a t .  However, c o n s o l i d a t i n g  most components 
would s i m p l i f y  t h e  problem of i n s u l a t i o n  from t h e  h o s t i l e  
M a r t i a n  su r round ings  ( r a d i a t i o n ,  h e a t ,  d u s t ,  e t c . ) .  The 
s i m p l i f i e d  one-frame c o n s t r u c t i o n  could p rov ide  a l a r g e r  
area f o r  mounting s o l a r  p a n e l s .  

T h i s  compact c o n f i g u r -  

While t h e  u s e  o f  two d r i v e n  wheels ,  i n s t e a d  o f  t h e  
segmented v e h i c l e s '  s i x ,  a p p e a r s  t o  reduce  t h e  mis s ion  
r e l i a b i l i t y ,  t h e r e  are s e v e r a l  advantages .  The weight  
t h u s  saved can  p rov ide  p r o p o r t i o n a t e l y  more powerfu l ,  
more s o p h i s t i c a t e d  and t h u s  h i g h e r  r e l i a b i l i t y  e l e c t r i c  
motors .  S ince  t h e  two d r i v e  w h e e l s  suppor t  90% o f  t h e  
v e h i c l e  we igh t ,  t h e  maximum t r a c t i o n  produced by t h e  two 
l a r g e r  motors and wheels can  be e q u a l  t o  t h a t  o f  t h e  
s i x  d r i v e  wheels on t h e  LRV'S .  The two d r i v e  wheels o f  
t h e  MRV are c o n s t a n t l y  i n  c o n t a c t  w i th  t h e  s u r f a c e ;  
however, w h i l e  t h e  segmenta t ion  of t h e  LRV'S maximizes 
t h e  s u r f a c e  c o n t a c t  of  a l l  s i x  wheels ,  one o r  more wheels 
c a n  l o s e  c o n t a c t  du r ing  o b s t a c l e  n e g o t i a t i o n  a t  p r e c i s e l y  
t h e  t i m e  when maximum t r a c t i o n  i s  r e q u i r e d .  

The l a r g e r  wheels ,  p e r m i t t e d  by t h e  en la rged  d r i v e  
motors ,  i n c r e a s e  t h e  s i z e  of most n e g o t i a b l e  o b s t a c l e s .  
F o r  i n s t a n c e ,  t h e  2 '  r a d i u s  MRV wheels can  c r o s s  l a rger  
c r e v a s s e s  t h a n  t h e  1'- 6" r a d i u s  wheels of a s i x -  
wheeled, segmented LRV. Although t h e  proposed MRV i s  
l i m i t e d  t o  a s t e p  equal  t o  t h e  r a d i u s  o f  i t s  wheels ,  i t  
seems t h a t  i t s  s t ep -c l imbing  a b i l i t y  i s  comparable t o  t h e  
smaller wheeled segmented v e h i c l e .  
of t h e  l a r g e r  wheels i s  t h e  h i g h e r  groucd c l e a r a n c e  t h e y  
p r o v i d e ,  a l though  t h e  c e n t e r  of  g r a v i t y  i s  ra i sed .  With 
fewer wheels  and t h e  u n i t i z e d  payload ,  however, t h e  MRV 
c a n  p rov ide  a wider  wheel span  t h a n  t h e  segmented LRV'S,  
and t h u s  m a i n t a i n  t h e  same s t a b i l i t y  as t h e  LRV. 

Another advantage  

The 360° "wagon" s t e e r i n g  o f f e r s  two advantages  
o v e r  t h e  LRV s t e e r i n g  s y s t e m s .  F i r s t ,  on ly  a s i n g l e  
yoke and b e a r i n g  system i s  necessa ry  t o  t u r n  both  wheels .  
T h i s  s i m p l i f i e s  t h e  mechanical system as w e l l  as t h e  
s t e e r i n g  c o n t r o l  l o g i c .  Secondly,  t h e  wheels may be ' 

t u r n e d  wi thou t  s c u f f i n g ,  a l l o w i n g  t h e  w h e e l s  t o  be 
e a s i l y  tu rned  when t h e  v e h i c l e  i s  a t  res t ,  as w e l l  as 
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when moving. Th i s  h e l p s  p reven t  t h e  wheels f rom 
becoming wedged when on rough t e r r a in .  
scuff s t e e r i n g  of t h e  r e a r  wheels ,  t u r n s  can  be made 
abou t  t h e  c e n t e r  o f  g r a v i t y  of t h e  v e h i c l e  ( ze ro - rad ius  
t u r n s ) ,  e l i m i n a t i n g  t h e  c e n t r i f u g a l  f o r c e  component t h a t  
c a n  e a s i l y  o v e r t u r n  a v e h i c l e  on a low-grav i ty  p l a n e t .  

Combining t h e  

The weight  d i s t r i b u t i o n  of  MRV i s  f a v o r a b l e .  The 
pr imary purpose f o r  t h e  c o n c e n t r a t i o n  of  weight  i n  t h e  
rear i s  t o  provide  t h e  maximum t r a c t i o n  f o r  t h e  rear  
d r i v e  wheels .  However, t h i s  arrangement a l s o  f a c i l i t a t e s  
s t e e r i n g ,  s i n c e  t h e  f r o n t  wheels c a r r y  t h e  minimum l o a d .  
Having t h e  same t r a c k  width and d i a m e t e r  as t h e  rear  
wheels ,  t h e  l i g h t e r  f r o n t  wheels can  provide  o b s t a c l e  
measurement f o r  t h e  advancing v e h i c l e ;  t h e i r  i s o l a t i o n  
from t h e  f r a g i l e  payload a l s o  p e r m i t s  t h e i r  u s e  a s  a 
mechanica l  o b s t a c l e  d e t e c t o r .  

The r e a r  mounted payload has  sugges ted  a maneuver 
which only  t h e  MRV can perform. 
a x l e  s u p p o r t  s t r u c t u r e ,  s h o r t e n i n g  t h e  wheel b a s e  and 
t i l t i n g  t h e  r e a r  payload, t h e  c e n t e r  o f  g r a v i t y  can be 
s h i f t e d  behind t h e  rear wheels ,  c a u s i n g  t h e  MRV t o  t i p  
back on to  a s m a l l  f i f t h  wheel .  The f r o n t  wheels  can  
t h e n  be ra i sed  from t h e  ground whi l e  t h e  v e h i c l e  t u r n s  
on t h e  t h r e e  rear w h e e l s ;  t h i s  pe rmi t s  t h e  v e h i c l e  t o  
c i r cumnav iga te  l a r g e  o b s t a c l e s  when t u r n i n g  s p a c e  i s  
l i m i t e d .  The t i p - u p  o p e r a t i o n  may a l s o  a i d  s c i e n c e  
s t o p s  by p l a c i n g  a n  in s t rumen t  package c l o s e r  t o  t h e  
s u r f  ace. 

By c o l l a p s i n g  t h e  f r o n t  

The a d j u s t a b l e  wheel base  may be u t i l i z e d  t o  
e x t e n d i n g  i n c r e a s e  s t a b i l i t y  and t r a c t i o n  on s l o p e s :  

t h e  f r o n t  wheels f o r  s t e a d y  up-grades , withdrawing t h e  
wheels  f o r  s t e a d y  down-grades. The hinged s t r u c t u r e  
n e c e s s a r y  f o r  t h i s  o p e r a t i o n  can  a l so  be employed f o r  
v e h i c l e  stowage and deploymer,t. 

The proposed work f o r  t h e  coming p e r i o d  i n c l u d e s  
t h e  f o l l o w i n g :  

a )  Design and c o n s t r u c t i o n  o f  a scale model of a 
t y p i c a l  Mar t i an  l andscape .  

b) P roduc t ion  of a n  8-mm. animated movie t o  
i l l u s t r a t e  MRV maneuvering v e r s a t i l i t y  w i th  
t h e  p r e s e n t  s c a l e  model. 

~ 

c )  Development of modeling e q u a t i o n s  n e c e s s a r y  t o  
d e s i g n  a n  o p e r a t i o n a l  scale  model t o  s i m u l a t e  
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t h e  dynamic c h a r a c t e r i s t i c s  o f  t h e  f u l l - s i z e  
v e h i c l e .  

Design and c o n s t r u c t i o n  o f  working model. 

The schedu le  f o r  t h e  proposed work i s  shown i n  
Figure 13.  

Task  D.2. Wheel and Suspension System Design - 
G.A. Baxter  
F a c u l t y  Advisor:  P r o f .  G. N. Sandor 

The o b j e c t i v e  o f  t h i s  t a sk  i s  t o  d e s i g n  t h e  wheels 
and suspens ion  sys tem f o r  t h e  mars r o v i n g  v e h i c l e .  Major 
emphasis d u r i n g  t h e  p a s t  pe r iod  has  been d i r e c t e d  t o  work 
aimed towards suspens ion  systems and p o s s i b l e  o t h e r  
r e l a t e d  systems on t h e  v e h i c l e  i s  t o  be unde r t aken  
d u r i n g  t h e  coming per iod .  

A major e f f o r t  t o  i d e n t i f y  c r e a t i v e  wheel d e s i g n  
concep t s  has  been completed. 
a t i o n s  were c a r e f u l l y  cons idered  t o  de t e rmine  t h e i r  
s p e c i a l  a p p l i c a t i o n s  and r e l a t i v e  advantages  and d i s -  
advantages .  A s  d e s i g n  c r i t e r i a  become more e v i d e n t  i t  
w a s  p o s s i b l e  t o  narrow down t h e  proposed wheel d e s i g n s .  
The a n a l y s i s  has  reached t h e  p o i n t  where t h e  n e x t  d e s i g n  
s t e p  w i l l  be a t r a d e - o f f  between a s m a l l  number of  
s imi l a r  d e s i g n s  hav ing  t h e  same performance s p e c i f i c a t i o n s .  

All conce ivab le  c o n f i g u r -  

I n  a d d i t i o n ,  t h e r e  has  been i n v e s t i g a t i o n  i n t o  
e x i s t i n g  wheel d e s i g n s  used on Lunar Roving Veh ic l e  
p r o t o t y p e s .  The methods o f  approach t o  wheel d e s i g n  
by Grumman, Bendix, and Lockheed i s  as impor t an t  t o  
t h i s  task as are  t h e  whee l  des igns  themselves .  A v i s i t  
t o  t h e  Grumman s imula ted  moon p l o t  n e a r  Riverhead ,  N.Y. 
proved q u i t e  i n t e r e s t i n g  and h e l p f u l .  
equipment were demonstrated and t h e  LRV and r e l a t e d  
equipment were observed.  

Wheel t e s t i n g  

Af te r  r e s e a r c h  and a n a l y s i s  o f  s e v e r a l  d i f f e r e n t  
basic wheel and t rack des igns  i t  was concluded t h a t  a 
f l e x i b l e  metal ,  spoked wheel w i t h  a wide f l a t  r i m  be 
used .  T h i s  c o n f i g u r a t i o n  a d a p t s  i t s e l f  ve ry  w e l l  t o  
t h e  type  of v e h i c l e  d e s i g n  be ing  developed ,  Task D . l .  
a number of  r e a s o n s :  It  c a n  accommodate a motor i n  t h e  
hub, i t s  compress ib l e  spokes and f l e x i b l e  r i m  p rov ide  a 
large f o o t p r i n t  area necessary  f o r  good t r a c t i o n  and 
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FIGURE 1 3 :  Schedule  f o r  S p r i n g  Semes te r ,  1970 
Mars Roving V e h i c l e  Des ign  

APRIL 

Design of M a r t i a n  T e r r a i n  

' C o n s t r u c t i o n  of T e r r a i n  

P r o d u c t i o n  of Animated Movie 

Determine  Model ing Equa t ions  

Design Dynamic Opera ted  Model 

C o n s t r u c t  Model 

36 

M A  Y 



37 

shock  a b s o r b t i o n ,  t h e  minimal s c u f f i n g  p rov ides  a c c u r a t e  
s t e e r i n g ,  and t h e  danger o f  mic rometeo r i t e  t ube  punc tu re  
i s  e l i m i n a t e d .  Th i s  w h e e l  l e n d s  i t s e l f  t o  a r i g o r o u s  
mathemat ica l  a n a l y s i s  of i t s  performance c h a r a c t e r i s t i c s ,  
g r e a t l y  a i d i n g  t h e  d e s i g n  procedure  which cannot  be 
suppor t ed  by e x t e n s i v e  working model f a c i l i t i e s .  

The mathemat ica l  a n a l y s i s  was begun w i t h  t h e  s i m p l e s t  
case o f  a two spoked w h e e l  w i t h  r i g i d  connec t ions  between 
t h e  spokes and t h e  r i m .  The a n a l y s i s  of even t h i s  s imple  
case i s  q u i t e  d e t a i l e d  b u t  t h e  g e n e r a l i z a t i o n  t o  a n  n- 
spoked wheel i s  r a t h e r  s t r a i g h t  forward.  
task i s  t o  adap t  t h e  a n a l y s i s  t o  a wheel w i t h  compres- 
s i b l e  spokes and compare w i t h  wheels o f  o t h e r  f l e x i b l e  
c o n f i g u r a t i o n s  g i v i n g  t h e  same e f f e c t ,  such  as t h e  
f o l l o w i n g :  wheels w i t h  curved band spokes ,  c i r c u l a r  hoop 
spokes o f  s p r i n g  s tee l ,  and hinged segmented r i m s .  

The p r e s e n t  

A t  t h i s  p o i n t  the  a n a l y s i s  of  t h e  wheel i s  n e a r l y  
complete .  When i t  is f i n i s h e d  a computer program w i l l  
be w r i t t e n  t o  g i v e  load c a p a c i t y ,  s p r i n g  c o n s t a n t ,  
we igh t ,  e t c .  based on t h e  materials used, s i z e  d e s i r e d  
and o t h e r  d e s i g n  parameters .  From t h a t  p o i n t  t h e  
d e t a i l e d  d e s i g n  can  proceed and t h e  wheel c a n  be i n t e -  
g r a t e d  i n t o  t h e  o v e r a l l  suspens ion  system. 

The schedu le  f o r  work d u r i n g  t h e  coming pe r iod  i s  
shown i n  F i g u r e  14. 

Task D . 3 .  A u x i l l i a r y  P ropu l s ion  S y s t e m  - M.K. Ho 
F a c u l t y  Advisor:  P r o f .  C.N. Shen 

The reduced g r a v i t a t i o n a l  f i e l d  on t h e  M a r t i a n  
s u r f a c e  poses  s e r i o u s  p ropu l s ion  problems f o r  a r o v i n g  
v e h i c l e .  For  example, s i n c e  t h e  g r a v i t a t i o n a l  p u l l  a t  
t h e  surface of Mars i s  about  o n e - t h i r d  t h a t  o f  t h e  
e a r t h ,  t h e  f r i c t i o n a l  f o r c e  a v a i l a b l e  on t h e  wheel f o r  
pushing  t h e  v e h i c l e  forward i s  o n l y  m e - t h i r d  what it 
would be on t h i s  e a r t h  assuming t h a t  a l l  e l se  i s  
e q u i v a l e n t .  Thus a conven t iona l  d r i v e  may be unable  
t o  move t h e  v e h i c l e  because of  s l i p p a g e .  

It i s  assumed t h a t  i n  c e r t a i n  p a r t s  of t h e  
e x p l o r a t i o n  r o u t e ,  t h e  Mar t i an  s u r f a c e  i s  l o o s e  and 
sandy. Using b e a r i n g  c a p a c i t y  as a c r i t e r i a n  i t  i s  
shown t h a t  t h e  conven t iona l  v e h i c l e  may e x p e r i e n c e  s l i p  
s i n k a g e  and t h e  t r a c t i o n  problem o f  t h e  landed v e h i c l e  
becomes more d i f f i c u l t .  
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FIGURE 14: Schedule  f o r  S p r i n g  Semester, 1970 
MRV F l e x i b l e  Wheel and Suspens ion  System Des ign  

Adapt ion  of A n a l y s i s  t o  Configura- 
t i o n s  most l i k e l y  to be used 

Computer Program w r i t t e n ,  debugged 

D e t e r m i n a t i o n  of Key Design 
Parame t er s 

A n a l y s i s  of Computer Output 

S e l e c t i o n  and Opt imiza t ion  

Detailed D e s i g n  

Model Des ign  

Model C o n s t r u c t i o n  

Model Tes ts  

F i n a l  Repor t  
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The primary e f f o r t  o f  t h i s  work was t o  provide  a n  
a u x i l l i a r y  p r o p u l s i o n  s y s t e m  f o r  t h e  v e h i c l e  t o  hand le  
unusua l  t e r r a i n .  Cornel1 U n i v e r s i t y ,  Grumman Ai rc ra f t ,  
and many o t h e r  groups have s t u d i e d  t h e  p r o p u l s i o n  pro-  
blems of v e h i c l e s  on hard s u r f a c e .  The r e s u l t s  were 
g e n e r a l l y  s a t i s f a c t o r y ,  b u t  under t h e  assumption of  s o f t  
s o i l  a v e h i c l e  may expe r i ence  s l i p  s inkage  i n  t h e  
loosened s o i l .  From s o i l  mechanics,  i t  i s  known t h a t  
t h e  safe  load on t h e  s o i l  i s  mainly dependent  on t h e  
c o e f f i c i e n t  of cohesion.  By u s i n g  b e a r i n g  c a p a c i t y  o f  
a n  assumed s o i l ,  w e  have shown t h a t  f o r  a c e r t a i n  weight  
v e h i c l e ,  t h i s  t y p e  of  f a i l u r e  may occur .  To s o l v e  
t h i s  a d v e r s e  problem, a bladed wheel was s u g g e s t e d ,  
The b l a d e s  can  p e n e t r a t e  i n t o  t h e  l o o s e  s o i l  and t h e n  
throw i t  backward, t he reby  producing a r e a c t i o n  f o r c e  i n  
t h e  v e h i c l e  p r o p e l l i n g  i t  forward .  
t h i s  kind of  bladed wheel i n  s o f t  s o i l  was ana lyzed .  
Numerical r e s u l t s  f o r  t h i s  t y p e  o f  wheel performance 
under  d i f f e r e n t  t e r ra in  c o n d i t i o n s  were e v a l u a t e d  by an  
a r b i t r a r y  assumption of t h e  v e h i c l e  pa rame te r s .  R e s u l t s  
i n d i c a t e  t h a t  i t  i s  f e a s i b l e  t o  use  t h i s  d e s i g n  a s  a 
means t o  overcome t h e  p ropu l s ion  problem i n  s o f t  s o i l .  

The performance of  

When t h e  v e h i c l e  o p e r a t e s  on hard s u r f a c e s ,  a f i x e d  
b l a d e  c o n f i g u r a t i o n  may cause  a v i b r a t i o n  problem, and 
t h i s  should  be avoided.  A s  a n  a l t e r n a t i v e ,  a p a s s i v e ,  
r e t r a c t a b l e  bladed wheel was c o n s i d e r e d .  The b l a d e s  can 
be compressed back by t h e  hard s u r f a c e  b u t  w i l l  be 
extended and p e n e t r a t e  i n t o  t h e  s o i l  when t h e  s u r f a c e  
i s  s o f t  enough t h a t  a u x i l l i a r y  p r o p u l s i o n  i s  needed. 
Thus t h i s  r e t r a c t a b l e  bladed wheel can  overcome a l l  
d e s i r e d  t e r r a i n  on t h e  M a r t i a n  e x p l o r a t i o n  r o u t e  and 
p l a y  t h e  r o l e  of  a n  a u x i l l i a r y  p r o p u l s i o n  s y s t e m  f o r  
M a r t i a n  landed v e h i c l e ,  

a 

The wheel i s  composed of two p a r t s ,  t h e  i n n e r  p a r t  
i s  a modif ied v e r s i o n  o f  Grumman's metalastic wheel f o r  
s u s p e n s i o n  and damping. The o u t e r  p a r t  i s  a second r i m  
w i t h  a ser ies  of  spr ing- loaded  r e t r a c t i n g  b l a d e s  
p r o j e c t i n g  o u t  th rough s l o t s  i n  t h e  o u t e r  r i m .  

The f u t u r e  work w i l l  i n c l u d e  t h e  d e t a i l e d  a n a l y s i s  
o f  t h e  r e t r a c t a b l e  bladed wheel c o n s t r u c t i o n .  Coupled 
w i t h  t h e  assumed Mar t i an  s o i l  parameters  and  v e h i c l e  
d e s i g n  pa rame te r s ,  t h e  g e n e r a l  performance of  t h e  wheel 
sys tem w i l l  be s t u d i e d ,  A comparison w i l l  be made 
between t h i s  wheel and t h e  whee l  designed under  Task D . 2 .  
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Task D . 4 .  Veh ic l e  Systems 

The d e s i g n  of a rov ing  v e h i c l e  f o r  Mars e x p l o r a t i o n  
r e q u i r e s  t h a t  a balanced commitment be made t o  each of  
t h e  components of t h e  system i n c l u d i n g  power f o r  
p r o p u l s i o n ,  communication sys tems,  computer,  a c t u a t o r s ,  
c o n t r o l  and guidance s y s t e m s ,  t e r r a i n  s e n s o r s ,  e tc .  
While each of t h e s e  components w i l l  u l t i m a t e l y  r e q u i r e  
d e t a i l e d  d e s i g n ,  i n t e r f a c i n g  and o p t i m i z a t i o n  of t h e s e  
r equ i r emen t s  w i t h i n  t h e  g e n e r a l  c o n t e x t  of t h e  m i s s i o n  
i s  c r u c i a l .  It i s  t h e  o b j e c t i v e  of  t h i s  t a s k  t o  deve lop  
o v e r a l l  concep t s ,  g u i d e l i n e s  and q u a n t i t a t i v e  c r i t e r i a  
which w i l l  p rov ide  a r a t i o n a l e  f o r  t h e  commitment of  
payload t o  v a r i o u s  f u n c t i o n s .  

To d a t e ,  work h a s  been a imed a t  deve lop ing  i d e n t i -  
f y i n g  t h e  major  components and f u n c t i o n s  t o  be cons ide red  
and a t  e s t i m a t i n g  some f i r s t  o r d e r  a l l o c a t i o n  t o  them. 
A p r e l i m i n a r y  breakdown of  a l l o c a t i o n  i s  shown i n  Tab le  2 .  

TABLE 2 

T o t a l  MRV weight  900 - 1000 l b s .  ( e a r t h )  

Pe r  c e n t  o f  T o t a l  MRV Weight 

I n s t r u m e n t  Package 40 - 60;'; 

a )  Exper imenta l  Package 10 - 14 
b) Power Sources  . 15 - 20 
c) Communications 10 - 1 2  
d )  Guidance 5 - 10 
e) Contingency 0 -  4 

* The h i g h e r  v a l u e s  r e f l e c t  p r e s e n t  d e s i g n  t r e n d s ,  Task D . 1 . ,  
toward a l i g h t e r  v e h i c l e  i n  terms o f  s t r u c t u r e ,  wheels ,  and 
p r o p u l s i o n  and s t e e r i n g  s y s t e m s .  

During t h e  coming per iod  e f f o r t s  w i l l  be d i r e c t e d  t o  t h e  
e v a l u a t i o n  of on board systems i n  terms of d i f f e r e n t  m i s s i o n  
o b j e c t i v e s .  For  example, v e h i c l e  weight  a l l o c a t i o n s  may be 
s i g n i f i c a n t l y  a l te red  i f  maximum d i s t a n c e  i s  no t  g iven  t h e  
same p r i o r i t y  as t h e  number of  exper iments  t o  be conducted.  
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Task  D.4.a. Power Systems f o r  Mar t i an  Roving Veh ic l e  - 
J. Grupe'  
F a c u l t y  Advisor:  P ro f .  G. N. Sandor 

The i n i t i a l  concept  o f  t h i s  p r o j e c t  was t o  deve lop  
a s u i t a b l e  power source  f o r  p r o p e l l i n g  a landed M a r t i a n  
v e h i c l e  a c r o s s  t h e  s u r f a c e .  A s  t h i s  problem was i n v e s t i -  
g a t e d ,  it was dec ided  t o  a l t e r  t h e  g o a l  t o  t h e  develop-  
ment a f l e x i b l e  systems a n a l y s i s  o f  t h e  power supp ly  and 
r e l a t e d  mechanical  components. 

The s o l u t i o n s  sought  are  methods of  d e t e r m i n i n g  t h e  
t o t a l  and r e l a t i v e  q u a n t i t i e s  o f  each  component, o f  
d e t e r m i n i n g  when and i f  a d d i t i o n a l  o r  rep lacement  com- 
ponents  should  be employed, of s p e c i f y i n g  t h e  placement 
o f  components f o r  maximum e f f i c i e n c y ,  and o f  c o n t r o l l i n g  
t h e  o v e r a l l  sys tem t o  maximum e f f e c t .  

The problem o f  s u r f a c e  p r o p u l s i o n  w a s  d i v i d e d  i n t o  
two p a r t s ,  power sources  (meaning t h e  energy  s t o r a g e  
u n i t s )  and motive power (meaning t h e  conve r s ion  o f  
energy  i n t o  a u s a b l e  mechanical o u t p u t ) .  
a su rvey  o f  a l l  p o s s i b l e  components was made and rough 
a n a l y s i s  o f  t h e i r  f e a s i b i l i t y  s t u d i e d .  The c o n c l u s i o n s  
reached were t h a t  t h e  e v e n t u a l  system would r e l y  on 
e l ec t r i c  d r i v e  motors  powered by a combinat ion o f  RTG 
(Radio iso tope  the rma l  g e n e r a t o r )  and r e c h a r g e a b l e  
ba t t e r i e s .  The p o s s i b i l i t y  o f  inc luded  an  anemometer- 
d r i v e n  f lywhee l  g e n e r a t o r  i s  be ing  i n v e s t i g a t e d ,  b u t  
on ly  as a supplementa l  power u n i t  u n t i l  i t s  r e l i a b i l i t y  
i s  proven such  t h a t  it could  r e p l a c e  o t h e r  u n i t s .  
S o l a r  c e l l s  are  a l s o - b e i n g  cons ide red  f o r  u se  as supple-  
men ta l  energy  s o u r c e s ,  though n o t  as a prime system. The 
r e a s o n  f o r  t h i s  d e c i s i o n  i s  t h e  h igh  p r o b a b i l i t y  t h a t  
s o l a r  c e l l s  w i l l  expe r i ence  a r a p i d  l o s s  o f  e f f i c i e n c y  
due  t o  d u s t  and t h e  a l r e a d y  low p o t e n t i a l  o u t p u t  on Mars. 
It i s  p o s s i b l e  however t h a t  a t y p e  o f  s o l a r  pane l  may be 
used as bo th  energy source  and e n c l o s u r e  f o r  t h e  rear 
compartment, add ing  power b u t  l i t t l e  o r  no weight  t o  t h e  
ove ra l l  d e s i g n .  

I n  each  c a t e g o r y ,  

To ach ieve  t h e  o b j e c t i v e s  of  t h i s  task,  i t  is  
n e c e s s a r y  t o  deve lop  a mathemat ica l  model which can  
demons t r a t e  t h e  e f f ec t s  o f  each  v e h i c l e  parameter  and 
t h e i r  i n t e r e l a t i o n s h i p s .  
h a s  been developed f o r  a model i n  which t i m e  f o r  
r e c h a r g i n g  b a t t e r i e s  and t i m e  a v a i l a b l e  f o r  v e h i c l e  motion 
are i n c o r p o r a t e d .  F a c t o r s  such a s  v e h i c l e  v e l o c i t y ,  
t e r r a i n  f e a t u r e s  r e s u l t i n g  i n  v a r i a b l e  power r equ i r emen t s ,  
b a t t e r y  d i s c h a r g e  are  be ing  s imula t ed .  

To d a t e  a s i m p l i f i e d  v e r s i o n  
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To t h e s e  s i m p l i f i e d  e q u a t i o n s  w i l l  be added o t h e r  
p a r a m e t e r s ,  such  as t h e  d e t e r i o r a t i o n  of t h e  b a t t e r i e s  
and RTG w i t h  t i m e  and r echa rge  c y c l e s .  

The graphs r e l a t i n g  r e q u i r e d  r echa rge  t i m e ,  and 
a l lowed t r a v e r s e  t i m e ,  t o  o t h e r  v e h i c l e  and m i s s i o n  
pa rame te r s  w i l l  be ready e a r l y  i n  Februa ry ,  1970,  and 
a d d i t i o n a l  d e t a i l  w i l l  be a d d e d  d u r i n g  t h e  month. 
v a r i a t i o n s  i n  parameters  due t o  d e t e r i o r a t i o n  and /o r  
o t h e r  t i m e  dependent f a c t o r s  w i l l  be i n c o r p o r a t e d  i n  
March. By J u n e ,  1970 a completed set  of  e q u a t i o n s  and 
c o r r e s p o n d i n g  p a t c h i n g  diagrams f o r  t h e  ana log  computer 
w i l l  be ready  r e l a t i n g  a11  o f t h e  known parameters  which 
w i l l  have a n  e f f e c t  on t h e  power supp ly  and i t s  
c a p a b i l i t i e s .  

The 

C o n t r o l  systems f o r  t h e  power supp ly  and re la ted 
v e h i c l e  mechanical  systems are now e n t e r i n g  c o n s i d e r a t i o n .  
A l s o ,  t h e  placement o f  components, where n e c e s s a r y ,  i s  t o  
be  s p e c i f i e d  as c l o s e l y  as p o s s i b l e .  P rogres s  i n  bo th  
t h e s e  a r e a s  i s  g r e a t l y  dependent on t h e  i n f o r m a t i o n  
a v a i l a b l e  from o t h e r  d e s i g n  groups ,  i t  should be p o s s i b l e  
t o  r e l a t e  t h e  power supply and c o n t r o l s ,  and i n t e r r e l a t e  
t h e s e  two areas by A p r i l ,  1970. 

Task E. Chromatographic Systems Ana lys i s  

One impor t an t  phase of t h e  i n i t i a l  mi s s ions  t o  Mars i s  
t h e  s e a r c h  f o r  o r g a n i c  ma t t e r  and l i v i n g  organisms on t h e  
m a r t i a n  s u r f a c e .  The p r e s e n t  concept  f o r  a t t a i n i n g  t h i s  
o b j e c t i v e  c o n s i s t s  of chemica l ly  t r e a t i n g  samples  of  t h e  
atmosphere and s u r f a c e  ma t t e r  and t h e r e a f t e r  a n a l y z i n g  t h e  
r e s u l t i n g  p r o d u c t s ,  probably i n  a combinat ion gas  chroma- 
tograph/mass  spec t romete r .  
t o  g e n e r a t e  fundamental  e n g i n e e r i n g  d e s i g n  t echn iques  and 
c o n c e p t s  f o r  u se  i n  op t imiz ing  t h e  d e s i g n  of  t h e  chromato- 
g r a p h i c  s e p a r a t i o n  system. 

It i s  t h e  o b j e c t i v e  of t h i s  t a s k  

Because of t h e  v a r i e t y  o f  mix tu res  t o  be s e p a r a t e d  and 
t h e  complexi ty  o f  t h e  s e p a r a t i n g  p r o c e s s ,  a systems a n a l y s i s  
based on t h e  mathematical  s i m u l a t i o n  o f  t h e  chromatograph i s  
b e i n g  unde r t aken .  T h i s  technique  w i l l  u s e  mathemat ica l  
models ,  which i n c o r p o r a t e  fundamental  pa rame te r s ,  t o  e x p l o r e  
v a r i o u s  concep t s  and t o  d i r e c t  f u r t h e r  expe r imen ta l  r e s e a r c h .  

A mathemat ica l  model, composed of a sys tem of p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n s ,  was p r e s e n t e d  e a r l i e r  (Ref. 10) .  
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T h i s  model assumed t h a t  t h e  sample m a t e r i a l  was t r a n s p o r t e d  
i n  t h e  a x i a l  d i r e c t i o n  ( d i r e c t i o n  of  c a r r i e r  gas f low) of  t h e  
chromatographic  column by bu lk  t r a n s p o r t  i n  t h e  carr ier  gas  
as w e l l  as by d i f f u s i o n  under t h e  i n f l u e n c e  of a composi t ion  
g r a d i e n t .  T r a n s p o r t  t o  and from t h e  adso rben t  s u r f a c e  was 
assumed t h a t  no t r a n s p o r t  r e s i s t a n c e  r e s i d e d  i n  t h e  a d s o r b e n t  
phase .  The sys tem equa t ions  showed t h a t  t h e  carr ier  gas  com- 
p o s i t i o n  was a f u n c t i o n  o f  t i m e  and t h r e e  d imens ion le s s  column 
pa rame te r s  : 

Pe - t h e  P e c l e t  number which i s  a d imens ion le s s  measure 
of d i f f u s i o n  o r  d i s p e r s i o n  i n  t h e  d i r e c t i o n  of  
carrier gas  f low.  

- a mass t r a n s f e r  number r e l a t ed  t o  t h e  approach t o  
e q u i l i b r i u m  a d s o r p t i o n  and d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  column l eng th .  

N t O G  

mR, - a thermodynamic parameter ,  m be ing  t h e  a d s o r p t i o n  
c o n s t a n t  and Ro being t h e  r a t i o  of  t h e  amount o f  
gas t o  t h e  amount of  adso rben t  i n  t h e  column. 

O f  t h e s e  pa rame te r s ,  mRo i s  s p e c i f i c  t o  each chemical  sys tem,  
whereas  Pe and Nt 
c h a r a c t e r i s t i c s  O F  t h e  system ( p a r t i c l e  s i z e ,  c a r r i e r  gas  
v e l o c i t y ,  e t c . ) .  P r i o r  work, R e f .  10 and 1 2 ,  showed t h a t  
n e g l e c t i n g  a x i a l  d i f f u s i o n ,  wh i l e  s i m p l i f y i n g  t h e  system 
e q u a t i o n s ,  was n o t  v a l i d  when comparing t h e  numer ica l  r e s u l t s  
w i t h  e x p e r i m e n t a l  da t a .  I n  a d d i t i o n ,  i t  was found (Ref. 1 2  t h a t  
t h e  t e c h n i q u e  by which t h e  sample was i n j e c t e d  s t r o n g l y  
i n f l u e n c e d  t h e  r e s u l t s  under c e r t a i n  c o n d i t i o n s .  
t h e  p r o j e c t  i n v o l v e s  t h e  i m e s t i g a t i o n  of  t h r e e  areas: 

depend p r i m a r i l y  upon t h e  p h y s i c a l  

C u r r e n t l y  

1. Numerical s o l u t i o n  o f  t h e  sys tem e q u a t i o n s  which 
i n c l u d e  t h e  a x i a l  d i f f u s i o n  t e r m .  

2. Development o f  inethods f o r  r e l i a b l y  p r e d i c t i n g  t h e  
column parameters  Pe and NtOG. 

3.  C o n s t r u c t i o n  of a t e s t i n g  f a c i l i t y  t o  e x p e r i m e n t a l l y  
e v a l u a t e  t h e  model. 

Task E . l .  Ana lys i s  of System Equat ions  - P.N. Tay lo r  
F a c u l t y  Advisor:  P r o f .  P.K. Lashmet 

The sys tem e q u a t i o n s  have n o t  been so lved  i n  con- 
v e n i e n t  form. Lapidus and Amundson (Ref. 13) ob ta ined  
a g e n e r a l  s o l u t i o n  us ing  Laplace  t r a n s f o r m  t echn iques  , 
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b u t  d i d  no t  numer i ca l ly  e v a l u a t e  t h e i r  r e s u l t s .  
Adap ta t ion  of  t h e  s o l u t i o n  t o  t h i s  s i t u a t i o n  gave:  

i n  which 

y = gas composi t ion  
A = sample i n p u t ,  cons ide red  t o  be an  impulse 
8 = d imens ion le s s  t i m e  

Io = modif ied Bessel f u n c t i o n  o f  f i r s t  k ind  and 
of  o r d e r  ze ro  

Because o f  t h e  complexi ty  of t h i s  e q u a t i o n ,  s t a t i s t i c a l  
moments, which can  be obta ined  d i r e c t l y  from t h e  Laplace  
t r a n s f o r m s  of t h e  s o l u t i o n ,  were used t o  g a i n  an  i n s i g h t  
i n t o  t h e  e f fec ts  o f  t h e  v a r i o u s  parameters  on t h e  g r o s s  
c h a r a c t e r i s t i c s  of t h e  chromatograph curve .  These 
c h a r a c t e r i s t i c s  included t h e  t i m e  f o r  t h e  maximum com- 
p o s i t i o n  t o  appear  and t h e  s p r e a d i n g  of  t h e  cu rve  about  
t h i s  peak. 

Voytus (Ref. 11) s t u d i e d  t h e  sys tem under  t h e  con- 
d i t i o n s  t h a t  NtOG was very l a r g e .  T h i s  meant t h e  column 
w a s  i n f i n i t e l y  l o n g  o r  t h a t  t h e  a d s o r p t i o n  p rocess  was a t  
e q u i l i b r i u m .  Th i s  meant t h e  column was i n f i t e l y  long  o r  
t h a t  t h e  a d s o r p t i o n  process  was a t  e q u i l i b r i u m .  H e  
found t h a t  t h e  mean t i m e  @ of  t h e  chromatographic  
s i g n a l  was dependent  only upon t h e  thermodynamic p r o p e r t i e s  
of t h e  system: 

5 = 1 -4- (l/mRo) 

He f u r t h e r  found t h a t  t h e  d e v i a t i o n  between t h i s  mean 
t i m e  and t h e  t i m e  when t h e  maximum composi t ion  appea red  
, 0  max could be c o r r e l a t e d  w i t h  t h e  parameters  Pe and 
mRo u s i n g  s t a t i s t i c a l  moments. I n  most i n s t a n c e s ,  t h e  
d i f f e r e n c e  between t h e s e  two t imes  was n e g l i g i b l e .  
A p p l i c a t i o n  o f  t h i s  c o r r e l a t i o n  t o  t h e  non-equ i l ib r ium 
s i t u a t i o n  o f  t h e  p r e s e n t  s tudy  p r e d i c t e d  t h a t  N t O G  
would have a n e g l i g i b l e  e f f ec t  upon e m a x ( F i g .  1 5 ) .  Th i s  
i s  a u s e f u l  p r e l i m i n a r y  r e s u l t  which w i l l  be t e s t e d  when 
t h e  sys tem e q u a t i o n s  are e v a l u a t e d  numer i ca l ly .  



45 I 
I 
I 
I 
I 
I 
1 
I 

To de te rmine  t h e  degree of  peak s p r e a d i n g ,  Voytus 
s t u d i e d  t h e  v a r i a n c e  gz of  t h e  cu rve  about  t h e  maximum 
p o i n t .  The v a r i a n c e  was expressed  i n  terms of  t h e  second 
and t h i r d  t i m e  moments which were e v a l u a t e d  d i r e c t l y  
from t h e  Laplace  t r a n s f o r m  of t h e  e q u a t i o n  s o l u t i o n .  He 
found t h a t  a t  l ea s t  94% of  t h e  area of t h e  chromatogram 
w a s  encompassed by t h e  t i m e  i n t e r v a l  (emax - + 2 emax) 9 

%f N t o G  was i n f i n i t e .  
effect  o f  f i n i t e  NtOG upon Wmax f o r  two v a l u e s  of Pe. 
It i s  n o t i c e d  t h a t  a t  high P e ,  o r  f o r  small  d i f f u s i o n a l  
e f fec ts ,  changes i n  N t O G  have a greater e f f ec t  on 0" max t h a n  i d e n t i c a l  N t O G  changes f o r  low v a l u e s  of  Pe 
( a p p r e c i a b l e  a x i a l  d i f f u s i o n ) .  Under t h e s e  c o n d i t i o n s ,  
t h e  e q u i l i b r i u m  a d s o r p t i o n  model would have g iven  t h e  
f o l l o w i n g  v a l u e s :  

F i g u r e  16 shows t h e  e s t i m a t e d  

- Pe wmax 
30 1 .61  

300 0.49 

Thus t h e s e  p r e l i m i n a r y  s t u d i e s  show c o n s i d e r a b l e  sy read -  
i n g  i n  t h e  chromatograph cu rve  a t  low v a l u e s  of NtOG. 

These q u a l i t a t i v e  r e s u l t s  w i l l  be u s e f u l  i n  t h e  
numer ica l  e v a l u a t i o n  of t h e  sys tem e q u a t i o n .  F u t u r e  
work w i l l  i n c l u d e  e v a l u a t i o n  of t h e  e q u a t i o n ,  t e s t i n g  
of t h e  moment t echn iques  which were assumed t o  a p p l y ,  and 
comparing t h e  numer ica l  r e s u l t s  w i t h  expe r imen ta l  da ta  
from known systems.  I f  t h e  model proves t o  be a c c u r a t e ,  
work w i l l  b e g i n  on t h e  multicomponent sys tem p r e d i c t i o n .  

Task E . 2 .  T r a n s p o r t  Parameter E s t i m a t i o n  - D.A.  Reichman 
F a c u l t y  Advisor:  P r o f .  P.K. Lashmet 

The u s e f u l n e s s  o f  t h e  sys tem e q u a t i o n s  f o r  d e s i g n  
purposes  w i l l  depend upon t h e  a v a l l a b i l i t y  cf methods 
e s t i m a t i n g  t h e  t r a n s p o r t  pa rame te r s ,  N t O G  and Pe. 
Methods f o r  e s t i m a t i n g  N t O G  have been d i s c u s s e d  e a r l i e r  
(Ref .  10)  s o  t h i s  t a s k  h a s  as i t s  o b j e c t i v e  t h e  deve lop-  
ment of a s u i t a b i l i t y  a c c u r a t e  method f o r  t h e  e s t i m a t i o n  
of t h e  P e c l e t  number Pe. 

The P e c l e t  number, which i s  a d imens ion le s s  
measure o f  d i f f u s i o n  o r  d i s p e r s i o n  i n  t h e  d i r e c t i o n  of 
ca r r i e r  gas  f low,  i s  def ined  as 
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i n  which : 

v = mean v e l o c i t y  o f  t h e  ca r r i e r  gas 
L = column l e n g t h  
D = e f f e c t i v e  d i f f u s i o n  c o n s t a n t  

T h i s  P e c l e t  number i s  a f u n c t i o n  o f  t h e  f l u i d  mechanics 
o f  t h e  sys tem a s  measured by t h e  d imens ion le s s  Reynolds 
number 

Re = d v p k  

i n  which : 

d = p a r t i c l e  d i ame te r  
9 = c a r r i e r  gas  d e n s i t y  

= c a r r i e r  gas  v i s c o s i t y  

The p h y s i c a l  p r o p e r t i e s  of t h e  gas  as expressed  by t h e  
d imens ion le s s  Schmidt number 

sc = P /p D" 

i n  which : 

D" = molecular  d i f f u s i o n  c o n s t a n t  

a l s o  a f f ec t  t h e  P e c l e t  number. 

I n i t i a l  i n v e s t i g a t i o n s  o f  t h e  random-walk and o t h e r  
geometr ic  models o f  d i s p e r s i o n  (Ref. 14 and 15) showed 
t h e  t h e o r e t i c a l  models t o  y i e l d  on ly  an  o r d e r  o f  magnitude 
e s t ima te  f o r  t h e  P e c l e t  number,. A l i t e r a t u r e  s e a r c h  
r e v e a l e d  l i t t l e  d a t a  a v a i l a b l e  f o r  c o n d i t i o n s  under  which 
t h e  chromatographic  columns would o p e r a t e .  The e s t i m a t i o n  
t echn ique  f i n a l l y  chosen was a method developed by 
Johnson ( R e f .  1 6 ) .  This  model compares two d i s p e r s i o n  
models th rough t h e i r  s t a t i s t i c a l  moments t o  a r r i v e  a t  
a n  es t imate  o f  t h e  P e c l e t  number. The r e s u l t i n g  e q u a t i o n  
i s  o f  t h e  form 

- . -  1 = 2/3 + 0.091 + h 6 2 / 4  
Pe d ReSc 2 / 3  + 0.091 ReSc 

i n  which : 

6 = a s p e c t  r a t i o ,  d t /d  
d t  = d iame te r  of chromatograph t u b i n g  
h = d imens ion le s s  v e l o c i t y  f a c t o r  
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The d imens ion le s s  v e l o c i t y  f a c t o r  depends upon t h e  
v e l o c i t y  d i s t r i b u t i o n  w i t h i n  t h e  bed and may be e s t i m a t e d  
by ' the  method o f  Rhodes (Ref. 1 7 ) .  

At tempts  t o  compute v a l u e s  of t h e  Pec le t  number from 
t h i s  e q u a t i o n  were not  comple te ly  s u c c e s s f u l  (Ref .  18).  
For  c e r t a i n  parameter  v a l u e s ,  t h e  P e c l e t  number became 
n e g a t i v e ,  a p h y s i c a l  i m p o s s i b i l i t y .  It appeared t h a t  
t h e s e  numer ica l  i n s t a b i l i t i e s  a r o s e  i n  t h e  computa t ion  of  
t h e  v e l o c i t y  p r o f i l e  and i n  t h e  e v a l u a t i o n  of t h e  
v e l o c i t y  f a c t o r  h.  The s p e c i f i c  s o u r c e  o f  i n s t a b i l i t y  
has  no t  been i s o l a t e d  and a more thorough i n v e s t i g a t i o n  
of t h e  numer ica l  t echn iques  i s  now b e i n g  under taken .  It 
i s  expec ted  t h a t  t h e s e  d i f f i c u l t i e s  c a n  be r e s o l v e d  by 
mid-spr ing .  Completion o f  t h e  t a s k ,  which w i l l  i n c l u d e  d e s i g n  
cu rves  as w e l l  as t h e  computat ion t e c h n i q u e ,  i s  expected 
by June  1970. 

Task E . 3 .  Chromatographic T e s t  F a c i l i t y  - S.R. Baer 
F a c u l t y  Advisor:  P r o f .  P.K. Lashmet 

To e x p e r i m e n t a l l y  e v a l u a t e  t h e  mathemat ica l  models,  
a t e s t  f a c i l i t y  i s  being c o n s t r u c t e d  by r e n o v a t i n g  and 
modifying a Perkin-Elmer,  Model 154-C vapor f r a c t o m e t e r  
p r e v i o u s l y  used i n  chemical k i n e t i c s  s t u d i e s .  Ex tens ive  
m o d i f i c a t i o n s  a r e  r e q u i r e d  f n  two areas:  t h e  composi t ion  
d e t e c t i n g  sys tem and t h e  sample i n j e c t i o n  - column mount- 
i n g  system. 

Because model v e r i f i c a t i o n  r e q u i r e s  a c c u r a t e  com- 
p o s i t i o n  d e t e c t i o n ,  e s p e c i a l l y  a t  t h e  i n p u t  t o  t h e  column 
( R e f .  1 2 ) ,  two mic ro the rmis to r  d e t e c t o r s  (Car l e  Ins t rumen t  
Company) w i l l  be provided ,  one f o r  each end of t h e  
chromatograph column. These d e t e c t o r s ,  which have t i m e  
c o n s t a n t s  i n  t h e  o r d e r  o f  0 .04  second,  w i l l  form branches  
of  two separate  DC Wheatstone b r i d g e s .  Because t h e  
d e t e c t o r s  a r e  more s e n s i t i v e  t h a n  t h o s e  p r e v i o u s l y  used 
i n  t h e  equipment,  i t  has been necessa ry  t o  comple te ly  
r e d e s i g n  t h e  b r i d g e  c i r c u i t s .  Bridge unbalance  w i l l  be 
d e t e c t e d  by a conven t iona l  s e l f b a l a n c i n g  p o t e n t i o m e t e r  
(Leeds and Northrup)  d u r i n g  i n i t i a l  measurements and by 
a l igh t -beam o s c i l l o g r a p h  (Honeywell) d u r i n g  t h e  f i n a l  
measurements. 

The chromatograph i s  b e i n g  designed t o  accommodate 
t h e  more c o n v e n t i o n a l  columns as w e l l  as microcolumns 
which have been proposed f o r  space a p p l i c a t i o n s  (Ref. 1 9 ) .  
T h i s  n e c e s s i t a t e s  a new column mounting system which has  
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a minimum of  d e a d  volume i n  o r d e r  t o  use  t h e  r e sponse  
c h a r a c t e r i s t i c s  o f  t h e  m i c r o d e t e c t o r s .  
i n j e c t i o n  o f  t h e  sample by mechanical  means r a t h e r  t h a n  
by c o n v e n t i o n a l  gas  o r  l i q u i d  s y r i n g e  i s  b e i n g  cons ide red .  
Such arrangement  would provide  more uni form sample 
s i g n a l s  and permi t  t h e  use  of s m a l l e r  samples .  

I n  a d d i t i o n ,  

Much o f  t h e  r e d e s i g n  has  been completed and t h e  
major  i tems of equipment have been procured o r  are on 
o rde r .  The sys tem should be o p e r a t i o n a l  by June  1970. 

I V .  P r o j e c t i o n s  o f  A c t i v i t y  f o r  t h e  Per iod  Janua ry  1, 1970 
t o  June  30, 1970 

1. 

2. 

3 .  

4 .  

5. 

6 .  

A r e p o r t  summarizing t h e  s t u d i e s  completed on atmos- 
p h e r i c  parameter  upda t ing  and a d a p t i v e  t r a j e c t o r y  
c o n t r o l  w i l l  be prepared .  
t a s k s  i s  a n t i c i p a t e d .  

No f u r t h e r  work on t h e s e  

The f e a s i b i l i t y  of t h e  r o t a r y  wing concept  f o r  
unpowered aerodynamic l a n d i n g  w i l l  be de te rmined .  
The d e c i s i o n  as t o  f u r t h e r  work a l o n g  t h e s e  l i n e s  
w i l l  depend not  only on t h e  outcome o f  t h i s  s t u d y  
b u t  a l s o  on t h e  q u e s t i o n  of a l l o c a t i o n  of  r e s o u r c e s  
between t h i s  t a s k  and o t h e r  tasks.  

Emphasis w i l l  con t inue  t o  be d i r e c t e d  t o  problems 
r e l a t e d  t o  t e r r a i n  modeling f o r  purposes  o f  
d e f i n i n g  t e r r a i n  senso r  requi rements  and develop-  
i n g  and e v a l u a t i n g  p a t h  s e l e c t i o n  a l g o r i t h m s .  

The u s e  of  Mars # o r b i t e r s  f o r  n a v i g a t i o n  o f  t h e  
mobile  v e h i c l e  w i l l  be i n v e s t i g a t e d .  
concep t s  by which t o  implement n a v i g a t i o n  g o a l s  
and t h e  in s t rumen t  requi rements  of  such  concepts  
w i l l  be s t u d i e d .  

A l t e r n a t i v e  

A major  e f f o r t  r e l a t i n g  t o  t h e  d e s i g n  o f  a mobile 
v e h i c l e  w i l l  be con t inued .  Problems r e l a t e d  t o  
v e h i c l e  c o n f i g u r a t i c n ,  p r o p u l s i o n ,  power s o u r c e s ,  
suspens ion  system, v e h i c l e  s t a b i l i t y ,  c o n t r o l  and 
guidance  w i l l  be  cons ide red .  

The chromatographic  sys tem s t u d i e s  w i l l  be extended 
t o  i n c l u d e :  e v a l u a t i o n  of  t h e o r e t i c a l  models 
i n c l u d i n g  expe r imen ta l  s t u d i e s ,  multicomponent 
s e p a r a t i o n s  problems, and t h e  e f f e c t  o f  l a r g e  amounts 
o f  s o l v e n t  upon the  d e t e c t i o n  of  minute  q u a n t i t i e s  
of m a t e r i a l s .  
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